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ABSTRACT

INMUNOLOGICAL RESPONSE OF RATS FED DECREASING LEVELS OF DIETARY
IRON AND DIETARY CALCil.Jl"l WITH OR WITHOUT VITAf.!IN D
by

Bernice Nell Neibaur, Master of Science
Utah State University, 1971
Major Professor: Dr. Arthur W. J.Jahoney
Department: Food and Nutrition
A considerable amount of research has shown that a severe dietary
deficiency of protein or vitamins will markedly depress antibody
synthesis.

Very little work has been done with the effect of mineral

deficiencies on antibody production, and no evidence has been presented
showing the relationship of the effects of small changes in nutrient
intake to the sensitivity of the antibody response to small degrees
of malnutrition and the relationship of dietary iron, calcium and
vitamin D to the production of antibodies.
In two experiments, it was shown that as the level of iron in
the diet is decreased, the production of antibodies is decreased propertionally.

In the first iron experiment, 42, weanling male rats were

given 7 levels of iron ranging from 20 to 5 mg Fe/kg diet.

Antibody

titer after inununization with tetanus toxoid was decreased proportionally
from 88 to 17.

In a second iron experiment, 10 rats were given either

10 or 0 mg Fe/kg diet and their titers to tetanus toxoid were J40
and 19 respectively.
In another two experiments, it was found that the level of dietary

ix
calcium makes little or no siGnificant difference on antibody
production, when fed either with or without vitamin D.

In the first

calcium experiment, 20 rats were given either 6.J, 4.4 or 3.2 gm Ca/kg
diet and their antibody titers after tetanus toxoid immunization ranged
from 88 to .55·

In the final calcium study, 50 rats nere divided into

ten groups and given five different levels of dietary calciun ranging
from 6. 3 to 1. 3 gm Ca/kg diet.

Half of each dietary group was given

adequate vitamin D and vitamin D was withheld from the other half.
In this experiment, antibody titers to tetanus toxoid ranged from 90
to 110.
From the results of these experiments, it is apparent that dietary
iron plays an important role in the synthesis of antibodies and thus
in the maintainence of resistance against infectious disease.

It

is also evident that the antibody response is sensitive to different
degrees of malnutrition, with antibody production being decreased
proportionall y to the severity of the dietary deficiency.

(83 pages)

INTRODUCTION
Approximately half of the world's population is malnourished.
This widespread malnutrition could be one factor contributing to the
prevalence of infectious disease in many areas of the world today.
One of the chief defense mechanisms of the body to resist infectious
organisms is that of antibody production.

There has been much evidence

to support the fact that the nutritional state of an individual or
experimental animal plays an important role in the maintainence of
an adequate immunological response.

Iiuch of the work done concerning

nutrition and antibody production has been carried out either with
severely malnourished subjects or with subjects fed deficient diets
for short durations (Axelrod and Pruzansky, 1955a; Cannon,1945a).
This study was undertaken to determine the degree to which different
levels of a dietary deficiency of a specific nutrient would affect
the production of antibodies,

While a considerable amount of research

has been concerned with the effect of protein or various vitamins on
antibody production, there has been little work done with the effect
of minerals on the production of antibodies.

Two of the first nutrients

to become limiting or deficient in the American population are iron
and calcium.

For these reasons, this study was designed employing

dietary insufficiencies of iron and calcium.

The interaction of

vitamin D with calcium was also investigated in connection with antibody
production.
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REVIEW OF THE LITERATURE
The Relation of Nutrition to Antibody Formation
Protein and amino acids and antibody production
Since amino acids are the building blocks of the antibody molecule,
and since amino acids are derived from dietary proteins, the antibody
response of the body is greatly impaired when the diet is deficient
in good quality protein.

The studies, both in man and experimental

animals, that follow have well documented this fact.
Seve ral studies have shown depressed antibody production by protein
deficient humans.

Drown and Katz (1966 ), noted a marked impairment

in antibody production a gainst yellow fever vaccine in eight children
with kwashiorkor as compared to four normals, when immunized subcutaneously and tested by hemagglutination inhibition both before and

13 days after immunization.
Wohl, Reinhold and Rose (1949), demonstrated in men, antibody
titers of 400 in normal men, 0 in hypoproteinemic patients and 100
in hypoproteinemic patients given supplements of lactalbumin hydrolysate
or casein daily against Salmonella typhosa antigen.

The antigen

was administered in 2 to J intracutaneous injections at 10 day intervals,
and antibody titer was determined up to 25 days afterward.
In another experiment, Wohl et al. (1949), compared 64 diabetic
patients both immunologically and chemically.

Diabetic patients

with hypoproteinemia had an average typhoid agglutinin titer of 800
as compared to 2900 with diabetics having normal blood protein values.
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Hany researchers have found results similiar to those mentioned
above, showing that antibody production is depressed in protein deficient
humans (Zareba et al. ,1965; Hodges,1962;_ Balcht1950; Kolmer,1955; Cannon,
1949,1946,1945a,1945b,1944).
Human gamma globulin contains lysine, methionine, tryptophan,
threonine and leucine, and can be synthesized only if these amino acids
are in the protein reserves or dietary protein (Cannon,1945a).

Exper-

imental results indicate that nutritional deficiencies of many amino
acids interfere with the acceleration of cellular division that normally
accompanies antibody production in the spleen (Axelrod,1960).
Rat studies concerning protein and antibody production are numerous.
It has been repeatedly shown in the section that follows, that antibody
production is greatly impaired by decreasing the quantity or quality
of dietary protein in the rat.
Benditt et al. (19L~9), found that agglutinin production to an
intravenous immunization of Friedlander's bacillus declined from 3840
to 18 after 111 days of protein depletion in young rats.

Likewise,

hemolysin titer dropped from 7680 to 340 after 111 days of a protein
deficient diet in young rats irnmur:ized intravenously with sheep erythrocytes.
Wissler (1947bh obtained antibody titers ranging from 8 to 27
against pneumococcus vaccine in 76 rats fed a protein deficient diet
for 130 to 185 days, as compared to titers ranging from 24 to 48 in
74 control rats.
Numerous results similar to those above, showing decreased antibody
production by protein deficient rats, have been reported (Kenny,
NaGee, and Piedad-Pascual,1971; Kenney et al. ,1968 ; Newberne, Hunt,
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and Young, 1968;
Benditt,19L~9 ;

~foroz, 1967;

Vioroz, 1957; Taliaferro, Woolridge and

J.letc off et al.,1948; Guggenheim and Buechler,1946 ; Zilva,

1919).
The studies that follow, show a general improvement of antibody
titer in protein depleted rats when protein is restored to their diet,
depending upon the quality of protein used for repletion.
Piedad-Pascual, Amrich, and Kenney (1969), fed rats protein
deficient diets for 3 to 4 weeks, then repleted them with protein from
rice, or rice plus fish meal, mung beans, corn, egg or crystalline
amino acids for 14 days.

Agglutinin log titers ranged from 0.94 in

the rats repleted with 6 percent rice to 1.96 in the rats repleted with
10 percent egg plus amino acids,

Hemolysin log titer to an intravenous

immunization with sheep erythrocytes ranged from 1.48 in rats repleted
with 5 percent rice to J.46 in rats repleted with 10 percent egg
plus amino acids,

The number of antibody forming cells in the spleen

ranged from 1.39 in rats repleted with 5 percent rice to 2.74 in rats
repleted with 3 percent rice plus J percent corn plus

L~

percent ems•

Wissler et al. (1946), found that the antibody producin~ ncchanism
of rats was not permanently damaged even after low protein diet for 191
days, but antibody production may be restored to normal with proper
repletion.

In one experiment, these authors noted a hemolysin titer

against sheep erythrocytes of 489 for rats fed a protein deficient
diet for 97 days, as compared to 128,000 for controls.
repletion period

After a 14 day

with lactalbumin, hemolysin titer of the protein

deficient group was raised to 4560.

In a second experiment, a hemolysin

titer aGainst sheep erythrocytes of 1280 was obtained for rats depleted
of protein for 168 days as compared to a titer of 6720 for controls.
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Repletion with beef for 2 days prior to immunization and 10 days
postimrnunization raised hernolysin titer of the protein deficient rats
to 2560.

In a third experiment, hemolysin titer a gainst sheep erythro-

cytes was 497 for the rats depleted of protein for 191 days and 5504
for controls.

With beef supplementation, this tine 7 days b8fore imr.mniza-

tion and 6 days postimmunization, hemolysin titer of the deficient rats
was raised to 3840.

Similiar findings concerning antibody porduction

in rats were noted in protein repletion studyes by Loroz (19671 and.
Kenney et al ( 1965).
Kenney et al. ( 1968), at tempted to determine which aspects of the
primary immunological response are impaired in protein deficiency and
to describe these effects in terms of tissue components related to
plasma prote in synthesis.

Protein deficient rats and rats receiving

normal diets containing 25 percent protein were ililT.'luniz8d intravenously
with sheep e:rythrocytes and killed six days later.

Spleens of protein

deficient rats were smaller and contained fewer antibody forming
cells (AFC) thaft controls.

In protein depleted rats, the nunber of

specific AFC and the amount of circulating antibody were about 1/3 of
non~al.

Since antibody production per AFC did not decrease in the

deficient rats, these authors postulated that the depression of antibody
titers in protein deficiency could be attributed largely to the reduction
in numbers of antibody forming cells in the spleen.
Several studies have indicated the importance of dietary amino
acids to antibody production in the rat.

Ke nney, t-:aGee, s.nd Piedad··i

Pascual (1970), found that tryptophan when added to corn diets, increased
hemolysin titers to sheep er"'Jthrocytes within 7 days postimmunization.
hethionine when added to a soy diet depressed hemolysin titer, by
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causinc tryptophan to become limiting in the rats diets.

And finally,

lysine had no effect on the innunological response of rats when added
to a soy diet depressed her.iolysin titer, by causing tryptophan to
become limiting in the rats diets.

And finally, lysine had no effect on

the immunological response of rats when added to wheat gluten or corn.
Cershoff et al. (1968), found a decreased ant ibody titer to a
polypeptide antigen in rats fed a diet low in methionine alont: with
the methionine antagonist ethionine for 6 days prior to imr.mnization
and 22 days postimmunization (rats were immunized twice, 17 days apart
and titer determined 5 days later).

Titers of L~ .7 and 6. 6 against

sheep erythrocytes were found with rats given 0.04 and 0.24 percent
tr'Jptophan respectively, and titers of 5. J and 7. J were found for
rats given 1 and 2 percent phenylalanine respectively.

These sec ond

two e;roups of rats were given the respective diets for 5 days, and bled

9 days postimmunization.
Axelrod ( 1958 ),

observed prir:1ary titers of Li-00 for controlG

compared with 50 for rats fed diets deficient in tr'Jptophan and secondar1
titers of 155,000 for rats fed the control diet (0.2~; tr'Jptophan) conpared
with 1,000 for rats fed a tryptophan deficient diet, when irmnunized
intraperitoneally with diphtheria toxoid after four weeJr..s of diet.
Cooni et al. (1947), found that antibody titer was depressed
from 2560 in control rats to 320, eitht days postimmunization, in rats
fed a tryptophan free diet for two weeks then immunized with typhoid
vaccine three times at ten-day intervals.
Three other studies also showed a positive relationship between
dietar'J amino acids and antibody synthesis (Piedad-Pascul, Amrich,
and Kenney, 1969; Smith and Kenney, 1969; Kenney et al. , 1965 ).

t:
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Some work has been carried out with pies , relating protein depletion
to antibody production impairr.1ent.

rcGillivary (196G), found that

antibody titer increased sic;nificantly as protein increased, when he
fed young pigs diets containing eight different levels of protein ranging
from 0 to

35 percent protein.

These pigs were immunized with iJalmonella

pullorum after 15 to 22 days of diet, and titer was deterr:1ined one
week after the last of six daily irmunizations.
Studies of the effect of various amino acids on the production of
antibodies in pigs have 13enerally revealed a normal antibody response
with dietary voids of several amino acids, as indicated by the following
studies.
Harmon et al. (1970), found no decrease in antibody titer against
Salmonella pullorum in pigs fed diets containing 0.8 or 0.14 percent
trJptophan for two weeks prior to immunization.

Antibody titer also

remained normal with the conbined deficiencies of tryptophan and
nicotinic acid.

It is possible that the antibody production requires

very small amounts of tr<;ptophan and nicotinic acid, or that the tr;ptophan-nicotinic acid requirements for antibody synjchesis are met at the
expense of other metabolic functions such as growth.
McGilli vari; ( 1968), found no change in anti body titer in youni::;
pigs fed diets of starch and sesame with crystalline lysine added.
HcGillivary et al. (1965), found average net recriprocal titers
of antibodies ranging from 520 in pigs fed diets containing 16 percent
protein from corn and soybeans to 170 in pigs fed diets lacking either
arginine, histidine, isoleucine, or threonine.

Salmonella pullerum

was injected during the second week of the experiment, which lasted 21
days.

The differences ohserved among the different groups were not

significantly different.

8
From several interestinr, observations with rabbits, it is evident
that dietary protein does dramatically affect antibody production.
llannino, Schiraldi and Ricciardi (1956 ), found that rabbits
receiving 34 percent protein in their diet had a gglutinin titers of
12,800 against Salmonella typhi, whereas rabbits receiving only 13
percent protein in their diet had titers lower than 6400 after 50 days
of protein depletion.
Gemeroyand Koffle (1949), noted antibody titers against beef
serum antigen of 46 ~ in rabbits fed a protein free diet for 37 days.
These same rabbits had improved antibody titers averaging 1448 after
repletion with a

25 percent casein diet for 93 days.

Wissler (1947a), found antibody titers ranging from 13 to 55
after 96 to 175 days of a low protein diet, as compared to titers
ranging from 60 to ll-48 for control rabbits a f ter immunization
intravenously with pneumococcus vaccine.
Cannon, Chase and Wissler ( 19h3), found that average a gglutinin
titers of well fed rabbits was about five times greater than that of
protein depleted animals.
Chickens and roosters also require a diet of good quality protein
in order to maintain an adequate antibody response.

From the studies

cited below, it is determined that very definite levels of amino acids
are required for optimum antibody formation.
Steffee (1950), found that no natural agglutinins were demonstrated
when roosters were fed a prolonged diet almost free of protein, and
immunized with pneumococcal vaccine via the juglar vein.
Bharagava, Hanson and Sunde (1970), fed day old chicks amino acid
diets then infected them with newcastle disease virus at four days of
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age.

When antibody titer was determined two to three weeks later, it

was found that as methionine increased from O,J to 1,1 percent of the '
diet antibody titer increased.

Optimum requiremer.t of methionine for

growth was 0.7 percent while for antibody production it was considerably
lower.

Valine requirement for maximum growth was 0.9 percent but for

optimum antibody production i t was somewhat higher.

It appears that

the methionine requirement for antibody production in chicks is low
while the valine requirement is high.
In studies with monkeys, Gill and Gershoff found little or no
effect of dietary amino acids on antibody synthesis.
Gill and Gershoff (1967), obtained peak antibody concentrations
in the serum of 780 ug/100 ml in both methionine deficient and control
monkeys subcutaneously immunized with a synthetic polypeptide antigen,
eight days after the experimental diets were begun.

When the methionine

antagonist ethionine was added to the methionine deficient diet, antibody
concentration dropped to J50 ug/100 ml serum,
Gill and Gershoff (1964), immunized two monkeys with diphtheria
toxoid, and two with a synthetic polypeptide antigen, and deten:iined
antibody concentration in the serum to be 450 ug/100 ml to the diphtheria
antigen and 550 ug/100 ml to the synthetic antigen.

After thes·e

peak antibody concentrations were obtained, the monkeys were given
diets of excess lysine, or later no lysine, or finally still later no
protein.

At these points, with no further immunization, antibody

concentration began to decrease slowly and did not seem to be affected
by any of these dietary treatments.
One study with lamoo was carried out by Mellander and Oberg (1952),
in which they found that antibog.y titer against influenza virus was
consistently higher in nursing lamoo than in lamoo fed an artificial

10
cows milk preparation from birth to one or two weeks of a ge.
Dietary restriction and antibody production
Strong evidence has shown that undernutrition or calorie restriction does impair antibody production, but at least two studies have
indicated the contrary.
Samuelson, Kraft and Farr (1965), found that severe underfeeding
of rabbits impaired their immune res ponse to two antigens, bovine
serum albumin (BSA) and bovine e;aiilITla globulin (BGG).

Rabbits were

given either 150 or 200 gm of an adequate diet per day, or restricted
to 20 gm of the same diet per day, for 28 days.

Antigen binding capacity

was determined to be 50 for controls and 5 for the rabbits on the
starvation diet.

With the addition of vitamins to the starvation diet,

the antigen binding capacity was increased to 27.

The antigen precipi-

tating capacity against BSA and EGG respectively was 30 and 25 for control
rabbits, 3 and 12 for the rabbits on the starvation diet, and 7 and 16
for the rabbits on the starvation diet, receiving vitamin supplementation.
Hemagglutinin titer against BSA and BGG respectively was

19L~2

and 2432

for controls, 138 and 698 for rabbits on the starvation diet and 403
and 624 with vitamin supplementation.
Ruchrnan (1946a), in testine; for neutralizing antibodies against
Western Equine Encephalomyelitis mouse brain virus, found that well
nourished animals neutralized 10 to 100 times as much virus as starved
mice.

The serum of adequately nourished animals could be diluted three

to eight iimes more than serum of undernourished mice and still neutralize
the effects of a constant amount of virus.
Results of Guggenheim and Duechler (1946 ), confirm the positive
results cited in the two above studies.
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Gershoff et al. (1968), al.so found no reduction in the ability of
rats to form agglutinins to a vaccine prepared of killed cultures of
Corynebacterium kutscheri.
Vitamin A and antibody production
Studies with many species, including humans, rats, chickens, pifjS ,
and rabbits have indicated variable results with the effects of vitamin A
deficiency on antibody production,

Many believe that vitamin A defic-

iency markedly decreases the production of antibody, gamma globulin,
and natural resistance to infection (Kolmer,1955).

A few however,

indicate the contrar1.
The influence of vitamin A upon a series of immunological phenomena
including antibody titer was studied in five human subjects fed diets
deficient in vitamin A but otherwise adequate (Feller et al.,1942).
Results were variable but not significantly influenced by marked changes
in plasma vitamin A.

Influenza virus was the antigen used in this

study.
Several investigators have found a definite impairment of the
antibody response in rats fed diets deficient in vitamin A (Pruzansk'J
and Axelrod,1955a; Ludovici and Axelrod,1951a; Watt et al.,1943; Gellhom
and Dunn,1937; Osbome,1931).

Two researchers found no difference

in antibody production between rats fed diets deficient in vitamin A,
or normal adequate diets (Werkman,1923; Natvig,1942).
Panda and Combs (1963), found antibody titers of 124 and 63 for
normal (9960 IU vit A/kg diet), and vitamin A deficient (975 IU vit A/kg
diet) cockerels respectively, when inununized with Salmonella pullorum
after 4 weeks of diet.

The requirments for optimum antibody formation

exceeded those for rapid growth.
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Leutskaja (1964), found that supplementation with vitamin A
will increase antibody formation in chickens.

Chickens were given

three daily supplements of 100,000 IU vitamin A, then immunized with
Ascridia galli.

On day 6, 14, 25, and 28 respectively, antibody titer

was 25,000, 50,000, 50,000 and ::1)00,000 while total vitamin A in the
liver was 46, 57, 95, and 55 mcg/gm.
is used during antibody formation.

It was concluded that vitamin A
Two other studies also supporting

the fact that vitamin A supplementation increases antibody formation
were those by Tul' Cinskaja and J·:isnaevskij ( 1960) and Leutskaja ( 1965).
Harmon et al. (1960), fed pigs either vitamin A deficient or
vitamin A supplemented diets from three days to nine weeks of age and
found that pigs receiving vitamin A showed a greated antibody response
to Salmonella pullorum immunization.
Harmon (1963), found agglutinin titers of 25 and 391 in vitamin A
deficient baby pigs and normal baby pigs respectively, when immunized
with six daily intraperitoneal immunizations of Salmonella pullorum.
When these same pigs were repleted with an adequate diet fortified
with vitamin A for seven weeks, they had hemagglutinin titers of 67
as compared to 76 for normal pigs after immunization with human erJthrocytes.
Greene (1933), challenged vitamin A deficient rabbits (many
showing definite xeropthalmia) with three different antigens, and
obtained hemolysin titers of

2L~

and 16 for vitamin A deficient rabbits

immunized intravenously with sheep and ox erythrocytes respectively
as compared to 977 and 642 for the same respective antigens in immunized
normal rabbits.

Agglutinin titers of 261 for vitamin A deficient

rabbits were obtained with bacterium typhosum immunization.
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Werkman (1923), was able to find no difference in the production
of agglutinins, percipitins, hemolysins and bacteriolysins in rabbits
fed vitamin A deficient diets and immunized with bacterium typhosia
and rat erythrocytes.
Vitamin D and antibody production
Studies on antibody production in vitamin D deficient rabbits,
rats and pigs showed variable results, some studies showing a decrease
and some no change in antibody production.

The difference in several

studies may be due to the antigen used.
Greene (1933), found that hemolysin titer was reduced from 64
in normal rats to 16 in vitamin D deficient rats receiving an intravenous immunization of sheep erythrocytes.

No difference was noted in

antibody titer with ox erythrocytes or bacterium . typhosum antigens.
Miller et al. (1963), showed that antibody titer was reduced in
vitamin D deficient baby pigs immunized with Salmonella pullorur.i.
Pruzansky and Axelrod (1955a), found that antibody titer was
reduced from 2350 to 210 in rats fed respectively 200 or 0 units of
calciferol daily, for four weeks, then immunized with diphtheria
toxoid.
Stroder et al. (1969), found tl'Rt antibody titers after immunization with tetanus antigen were lower in rats with exhisting rickets
than in normal rats receiving dietary supplementation of vitamin D.
The number of antibody forming cells in the spleen were also reduced,
three days postimmunization with sheep erythrocytes, in the vitamin D
deficient rats.

Antibody titer to influenza virus and diphtheria

antitoxin in these same rats were not lowered however.
Ludovici and Axelrod (1951a), found no decrease in antibody titer
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of vitamin D deficient rats, 5 days postimmunization with human
er1throcytes.
Natvig (1942), found, similiarly, that antibcG.y production follow ing
immunization with Salmonella danycz or Leptosnira icterohaeworrhagia,
is not reduced in vitamin D deficient rats.
Vitamin E and antibody production
Tul'Cinskaja (1968), found that antibody production was enhanced
by supplementation of the diet with vitamin E in russian white chickens.
Ascorbic acid and antibody

~roduction

Studies with ascorbic acid, two with guinea pigs, and one with
humans have indicated that ascorbic acid deficiency does not alter
antibody production and one study with guinea pigs indicated that this
deficiency does affect antibody production.
Feller et al. ( 1942), found that antibody titer after ir.lnunization
with influenza virus was not significantly influenced by marked, prolonged changes in vitamin C in five hospital patients given diets
containing little vitamin C.
Long (1951), found an antibody titer of only about 1/30 of normal
in ascorbic acid deficient guinea pigs, inununized with diphtherai
toxoid, JO days after dietary restriction was begun.
\lerkman, Nelson and Fulmer ( 1924), found that five guinea pigs
receiving ascorbic acid deficient diets for 28 days exhibited no
differences in their ability to produce specific agglutinins after
four immunizations with bacterium typhosium.

The ascorbic acid deficient

guinea pigs were somewhat older than the normal controls, and lemon
juice was occasionally administered to a deficient animal when in
distress.

Similiar results were obtained by i:atvig (19L1-2).
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Thaimine and antibody production
Most researchers have indicated that thiamine deficiency does
in fact impair the antibody response of dogs and rats.

One study

however revealed no difference in antibody titer between thiamine
deficient animals and their pair fed controls, even though ad libitum
fed controls had significantly higher titers,
Axelrod and Hopper (1960), obtained antibody titers of 440 in
normal rats as compared to 272 in thiamine deficient rats after two
i ntraperitoneal immunizations with influenza virus PR-8.

Serum anti-

bodies were determined after 11 weeks of diet by a hemagglutinini nhibition procedure.
Wertman and Sarandria (1951a), found complement fixation titers
of 1920 for normal rats, and 342 for rats given a thiamine deficient
die t for six weeks.

All rats were given four weekly immunizations

of Murine typhus vaccine and antibody titer was determined three
weeks later.
Carter and Axelrod (1947), :fi'ound that hemagglutinin production
in response to innoculation with human erythrocytes was 140 in thiamine
deficient rats as compared to 920 in normal rats after two weeks of diet.
The decreased titers observed by these authors were supported
by Kolmer (1955).

Zucker and Zucker (1956), found that agglutinin titers of normal
rats ranged from 128 to 265, while thiamine deficient rats had titers
ranging from 32 to 64.

Their pair fed controls however, also had

titers ranging from 32 to 64.

Rats were started on the various diets

at three weeks and immunized intraperitoneally 34 days later with a
vaccine prepared of killed cultures of Coryneba.cterium kutscheri.
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'icotinic acid and antibody nroduction
Ludovici and Axelrod (1951a), noted moderate impainnent of
antibody production, when they studied hemagglutinin production in
response to immunization with human erythrocytes in rats deficient in
niacin and tryptophan.
Wertman and Sarandria (1951b), noted no interference with the
immune response of weanling rats to typhus antigen when fed a nicotinic
acid deficient diet.
Riboflavin and antibody production
Available data indicates a reduction of antibody titer in riboflavin deficient cockerels, pigs and rats.
Panda and Combs (1963), noted agglutinin titers of 41 in day old
cockerels fed diets containing 72 percent of their riboflavin requirement, as compared to titers of 121 for normal clckerels fed a diet
adequate in riboflavin for the same four week experimental period,
after three intravenous immunizations with Salmonella pullorum.
Hannon et al. (1963), noted that antibody titer was decreased from
176 in normal pigs to 23 in pigs receiving a riboflavin deficient diet
for two weeks.

Pigs were immunized with Salmonella pullorum and

four weeks later antibody titer was determined.

These pigs were also

immunized with human erythrocytes and their titer to this antigen
was found to be 12 for riboflavin deficient pigs and 67 for controls .
Upon repletion of riboflavin, antibody response became similiar to
the controls.
Pruzansky and Axelrod (1955a), showed that hemagglutinin titer
was reduced from 8570 in normal rats to approximately 150 in rats
fed a riboflavin deficient diet for four weeks, then immunized with
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diphtheria toxoid and antibody titer determined
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weeks later.

Axelrod et al. (1947), found hemagglutinin titers

of 1280 normal

rats as compared to titers ranging from 0 to 160 in rats fed diets
deficient in riboflavin for seven weeks, in

respor~e

to six intraperitoneal

immunizations of human erythrocytes.
The above results are supported by Pruzansky and Axelrod (1955),
Axelrod and Pruzansky (1955b), Wertman, Crisley and Sarandria (1952),
and Pinkerton and Bessey (1939),
Pantothenic acid and antibody production
Results of studies with men, rats, chicks, pigs and rabbits have
all shown how important pantothenic acid is for an adequate antibody
response.

Some of the data from the studies with men however, showed

little effect on antibody production when the deficiency of pantothenic
acid was only moderately severe or with the use of certian antigens.
Hodges et al. (1962a), found that men given a diet deficient in
pantothenic acid, along with omega methyl pantothenic acid, (the antivitamin or pantothenic acid antagonist) all became ill and lacked
any antibody response to tetanus and typhoid antigens.

When reimmunized

after the addition of pantothenic acid to their diet, antibody response
of these men became normal.

In contrast to the tetanus and typhoid

antigens, antibody response of these same men to polio antigen was
excellent.

In another study by Hodges et al. (1962), it was found

that men immunized with typhoid, had a normal antibody response after
eight weeks of either normal diet, diet deficient in pantothenic
acid, or pantothenic acid deficient diet plus the antiv,itamin omega
methyl pantothenic acid.

With Asian influenza vaccine, intermediate

antibody response was obtained in the deficient groups, and with
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tetanus, antibody response of the deficient groups was decreased as
compared with controls.
Hodges and Bean (1961), found that no antibodies were produced
in men given diets deficient in pantothenic acid along with the antivitamin omega methyl pantothenic acid for four week, then immunized
twice with tetanus and typhoid antigens,

After restoration of pantothenic

acid to the diet, and removal of its antagonist, antibody titer became
normal.
Axelrod and Hopper (1960), obtained titers for normal rats of
2960, and for rats deficient in pantothenic acid of J4 after three
weekly intraperitoneal immunizations with PR-8 influenza virus.
Antibody titers were determined by hemagglutinin inhibition one week
after the final immunization and eight weeks after initiation of the
diet.
Axelrod (1958),

found a primary antibody titer of J OO for normal

rats, and 120 for rats fed a pantothenic acid deficient diet for four
weeks, then immunized intraperitoneally with diphtheria toxoid.
Secondary antibody titers were found to be 9,240 for normal rats and
only 80 for the pantothenic acid deficient rats, when determined eight
weeks after the diets were initiated.
Zucker and Zucker (1956), noted agglutinin titers of 128 to 265
for normal rats and of less than 1 for rats fed a pantothenic acid
deficient diet for 34 days, beginning on the third week of life, and
immunized intraperitoneally with a vaccine prepared of killed cultures
of Coryneba.cterium kutscheri.
Ludovici and Axelrod (1951d), found that rats fed pantothenic
acid deficient diets for five weeks had an antibody titer of O, as
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compare~

to a titer of 4,J52 for normals.

Ludovici, Axelrod and Carter (1949), found that average hemagglutinin
titer of rats immunized intraperitoneally with human erythrocytes after
seven weeks of diet, was 1150 for normal rats and only 143 for :i?a!ltothenic
acid deficient rats.

Many of the deficient rat s had no antibody titer

at all.
Axelrod et al. ( 1947), found that normal rats had a hem.agglutinin
titer of about 1280, while pantothenic acid deficient rats had a titer
of O, when immunized six times, intraperitoneally with human erythrocytes,
after seven weeks of dietary restriction,
Ludovici, Axelrod and Carter (1951c), found that most rats fed
a pantothenic acid deficient diet for seven weeks exhibit antibody
t iters of from 0 to 20, after immunization with human eI"Jthrocytes.
In contrast, 60 percent of the rats deficient in pantothenic acid
exhibit titers of 640 or higher when supplemented with 14 to 27 percent
methionine.

Normal rats had antibody titers of 2560 or higher, and

additional methionine in their diet had no further effect upon antibody
titer of these rats.

Alanine cannot replace pantothenic acid for

antibody production in the rat.
Several other researchers have confirmed the decreased antibody
production that occurs in rats as a result of pantothenic acid deficiency
(Pruzansky and Axelrod,1955a; Axelrod and Pruzansky,1955b; Giunchi
et al., 1953; Wertman and Sarandria, 1951a; Ludovici, Axelrod and Carter,
1951b; Tripodo,1951).
Panda and Combs (196J), found that one-day-old chicks fed either
normal or diets containing only 50 percent of the chicks requirement
of pantothenic acid for four weeks had agglutinin titers of 124 and

~-8
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respective l y, afte r immunization with Salmonella pullorurn.

The

pa.ntothenic acid requirement f or optimum antibody formation exceeded
those for growth.
Harmon et al. ( 1963), found an antibcxiy titer of 14 in young pi gs
fed a diet deficient in pantothenic acid four weeks prior to irununization
with Salmonella nullorum and four weeks postirru;iunization as conpared to
an antibcxiy titer of 176 in y oung pigs fed a pantothenic acid deficient
diet for two weeks, then a normal adequate diet for two weeks prior
to Salmone lla pullorwn immunization and an adequate diet four weeks after.
P;yridoxine and antibody production
Nearly all available evidence indicates a dec rease in antibody
production in pyridoxine deficient men, rats, mice , pigs, guinea pigs
and rabbits.

In one study with men, however, the degree t o which

antibody titer was depressed denended upon the severity of the deficiency
and the particular anti€;en used.

In addition, one study Hith rats,

with little information given, also indicated no decrease in antibody
titer with a pyridoxine deficient diet .

In other studies , depression of

antibody titer was inferred, although not directly der:1 0nstrated by
non-rejection of tissue grafts by pyridoxine deficient animals (Axelrod
et al.,1958a; Parkes,1959).
In three separate studies, i t was shown that men fed a pyridoxine
deficient diet along with the antivitamin or pyTidoxine antagonist,
deoxypyridoxine, failed to show any antibody response to tetanus and
typhoid antigens (Hodges and Bean,1961; Hodges et a1.,1962a; Hodges
et al. , 19fS2 c ).
Axelrod and Hopper (1960 ), fed weanlinc; male rats for eight weeks,
diets containing either 0 or 50 mg pyridoxine and found hema£glutinin

21
inhibition titers of 2060 for controls and 160 for deficient rats when
immunized after five weeks of diet with

thre~e

intraperitoneal immuniza-

tions of influenza virus PR-8, and bled one week after immunization.
In the first of three experiments, Axelrod (1958),

found that

hemagf,lutinin titer of rats was reduced from 154,000 in normal rats
to 900 in rats fed a pyridoxine deficient diet for four weeks prior to
an intraperitoneal immunization of diphtheria toxoid and three weeks
postimmunization.

In the second experiment, pyridoxine deficiency

was induced by both omitinc pyridoxine from the diet and by adding
deoxypyridoxine.

Normal rats had a peak antibody titer of 500,800

while pyridoxine deficient rats had a peak antibody titer of only 40.
Pyridoxine deficient rats receiving the antagonist deoxypyridoxine
had peak antibody titers of 99 ,000 as compared to the titer of normal
rats of J?0,000.

In a final experiment, a pyridoxine supplement was

injected along with the deOX'Jpyridoxine and peak titers were found to
be J8,000 for controls and 15,000 for animals receivinh deOX'Jpyridoxine

alone and 75 1 000 f or rats receivinc the pyridoxine supplement.
Stoerk (1950),found that rats with acute pyridoxine deficiency,
five days after immunization with sheep e:r:ythrocytes exhibited lower
hemagglutinin titers of 80 , than normal rats with hemagglutinin titers
of J20.

When rats and mic8 1 were rendered acutely pyridoxine deficient

over three weeks and then immunized, hemagglutinin titers for normal
rats were 554 and for pyridoxine deficient rats 28, while titers for
normal mice were 3213 and for pyridoxine deficient mice were

63.

Axelrod et al. (194?), founc1. a hemagglutinin titer of about 1280
in normal rats as compared to a hemagf:lutinin titer of 0 in rats fed
a pyridoxine deficient diet for seven weeks, then given six
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intraperitoneal immunizations of human erythrocytes.
Stoerk, Eisen and John (1947), obtained henagglutinin titers of
around 55 for normal rats as compared to 6 for rats only mildly deficient
in pyridoxine, after three intraperitoneal iI'.lI!lunizations of sheep
erythrocytes.
Bianchi and Cortesi (1955), made rats pyridoxine deficient by
injecting them with the pyridoxine antaeonist deOX'Jpyridoxine, and
found that both pyridoxine deficient and control rats showed a good
immune reaction when immunized with typhoid vaccine and diphtheria
toxoid.
Studies similiar to those above have well documented the fact
that pyridoxine deficiency does impair antibody production in the rat
(Gershoff et al.,1968; Zucker and Zucker,1956; Pruzansky and Axelrod,1955a
Pruzansky and Axelrod,1955b; Wertman and Sarandria,1951b; Ludovici,
Axelrod and Carter,1951b; llirick and Leftwich,1949; Shiro,1967).
Harmon et al. (1963), found antibody titer to Salmonella pullorun
to be 176 for normal pigs and 33 for pies fed a pyridoxine deficient
diet for two weeks prior to six daily intraperitoneal immunizations.
Hemagglutinin production in these same pigs was determined to be 67
for normal pigs and 4 for pigs fed a pyridoxine deficient diet three
weeks prior to immunization with hum.an erythrocytes.
Axelrod, Hopper and Long (1961), found that normal guinea pigs
had an antibody titer of 90,160, in contrast to a titer of only 3 for
guinea pir,s fed a pyridoxine deficient diet plus the pyridoxine
antagonist deoxypyridoxine for 5 weeks.

All of these guinea pigs were

immunized intramuscularly with diphtheria toxoid, five weeks after the
diets were be,'jun.

Antibody titer was 11,050 for normal rats, 115
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for deoxypyridoxine treated deficient guinea pigs and 236 for dietary
pyridoxine deficient guinea pigs.

Shiro (1967), supported this informa-

tion that pyridoxine deficiency reduces antibody response in guinea pigs.
Studies made by Buharin and Jakovleva (1965), with 28 rabbits
showed that rabbits given supplements of pyridoxine three or six times
in six days developed increased amounts of agglutinins to typhoid,
paratyphoid B. and Flexner C dysentery antigens.
Other researchers have supported the above studies that pyridoxine
deficiency, inhibits antibody product~on (Wayne et al.,1958; Kolmer,1955:
Axelrod,1953,1952).
Folic or pteryoglutamic acid and antibody production
Folic acid has been shown to affect antibody production in both
rats and chicks.

Not only is antibody production decreased by folic

acid deficiency, but as the level of folic acid in the diet is increased,
the titer of antibody in the serum is also respectively increased.
Ludovici and Axelrod (1951a), found that antibody titer for normal
rats fed 20 ug of folic acid daily was 1568, while antibody titer of
rats given no folic acid for nine weeks was O, after three immunizations
with hyman erythrocytes.

Similiar results were also olserved in rats

(Pruzansky and Axelrod,1955a,1955b; Axelrod and Pruzansky,1955a; Wertman,
Crisley and Sarandria,1952).
Little, Oleson and Roesch (1950), found that deprevation of dietary
pteroylglutamic acid in young chicks for 25 days inhibited the formation
of agglutinins in response to infection with Brucella abortus, Pasteruella
multocida, Salmonella typhosa and the virus of Newcastle disease.

As

pteroylglutamic acid was added back to the deficient diet, agglutinins
were again formed.

Average agglutinin titer against Brucella abortus

increased from 1.6 to 7.5 to 18 to 157 in chicks receiving a total of
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O, 30, 120 or 300 ug of folic acid.

Average agglutinin titer against

Pasteurella multocida increased from 1.6 to ?,3 to 60.4 in chicks that
received daily injections of O, 2 or 20 ug of folic acid.

Felic acid

deficiency also resulted in depressed antibody titers against Salmonella
typhosa, Salmonella paratyphi A and Salmonella paratyphi

~·

Biotin and antibody production
Several studies with biotin deficient rats have pointed out the
fact that antibody production is impaired when biotin is lacking in
the diet.
Axelrod (1958 ), found antibody titers of 155,000 in normal rats
and 3, 800 in rats fed diets deficient in biotin and immunized intraperitoneally with diphtheria toxoid twice, after four and seven weeks
of diet.
Axelrod et al. (1947), found hemagglutinin titers of 960 in normal
rats and 250 in rats fed biotin deficient diets for six weeks, then
immunized intraperitoneally with three doses of human erythrocytes.
The above studies were also supported by Pruzansky and Axelrod
(1955a) and Caldwell and Gyorgy (1947).
Vitamin B12 and antibody production
Impaired immunological response is noted when vitamin B is
12
missing from the diets of children, rats, rabbits and dogs (Martini,
1961: Newberne, Hunt and Young,1968; Wertman and Sarandrai,1952;
Ludovici and Axelrod,1951a: Buharin and Jakovleva,1965)
Improved immunogenesis is noted when vitamin B supplementation
12
is given to rabbits. Tashmukhamedov (:t966), ol::.served that subcutaneous
injections of vitamin B improvedr' immunogenesis in rabbits with tetanus
12
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toxoid, 20 days after the first of daily immunizations.

In this study,

the rabbits were dosed with tetanus toxoid 7 and 17 days after beginnin[
the vitamin B injections.
12

On the tenth day postimmunization, antibody

titers averaged 12.5, 19.5 and 26!3 for rabbits receiving O, 10 and 25
ug of vitamin B respectively.
12
Ebert and Buharin ( 1962) •

Simili.ar results were reported by

Combined vitamin deficiency states and antibody production
Most specific vitamin deficiencies interfere with antibody production
in the experimental animal (Scrimshaw, Taylor and Gordon,1959; Axelrod
and Pruzansky,1955c).
On the contrary however, a few studies have indicated that a
vitamin deficiency in general does not affect antibody production
(iforkman,1923; Uatvig,1942; Wertman and Sarandria,1951a).
Copper and antibody production
In a single study by Newberne, Hunt and Young ( 1968), antibody
titer to Salmonella typhimurium was determined to be four times as
high in controls as in copper deficient rats.

Weanline male rats were

fed diets either deficient in or supplemented with copper for about
three months, then they were immunized with a single intraperitoneal
immunization of Salmonella typhimurium.
La:~nesium

and antibody production

r,;iller et al. (1963), noted that dietary levels of magnesium of
less than 200 ppm resulted in magnesium deficiency, but this magnesium
deficiency did not result in a significant depression of immunological
response as measured by circulating titer of antibodies to Salmonella
pullorun in the baby pig • .
f.langanese, colalt and iodine and antibody production
Ermenkova and Ermenkov (1967), gave laying hens diets containing

either manganese, cobalt, iodine, all three or none of these minerals
along with an antigen immunization of washed ezythrocytes and found
that the mixture of trace elenents stinulated antibody formation and
helped maintain adequate antibody titers.

Iodine alone had less effect.

Calcium _and antib<2£y production
Bard.are and Vaccari (1967), found a decreased antibody response in
42 infants under 16 months of age with severe hypocalcaemia.

In all

of the infants with hypocalcaemia, ganuna globulin was distinctly less
than no:rmal and in nearly

t

of them, antibody response to tetanus toxoid

was also distinctly low,
Zilva (1919), found no difference in agglutinin titers of rats
fed diets low in calcium when compared to controls.

Rats were given

the restricted diets several weeks then immunized weekly for three
weeks with typhoid antigen.
Phosphorous and antibody production
Zilva (1919), found a definite decrease in agglutinin titer from
12,800 in no:rmal rats to 800 in rats fed a phosphorous restricted diet
for several weeks, then given three weekly ir.ununizations of typhoid,
Sodium and antibody production
Zilva (1919), found an agglutinin titer of 6400 in rats fed a
low sodium diet, as compared to 12,800 for normal rats.

Dietazy restric-

tion was imposed on the rats for several weeks after which time they
were ~ iven three weekly immunizations of typhoid antigen, then agglutinin
titer was estimated one week postimmunization.
Potassium and antibody production
An ~G lutinin titer of 1600 was found in rats fed a low potassium
diet as compared to a titer of 6400 for controls.

Rats were given the
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restricted diets several weeks, then ir:ununized with three weekly
injections of typhoid antigen and blood was collected a week later
for estimation of agglutinins (Zilva,1919).
Chlorine and antibody production
Zilva (1919), found acGlutinin titers of 12, GOO in nornal rats
as compared to titers of 6 ,400 in rats given a lm-r chlorine diet for
several weeks then immunized three times, weekly, with typhoid antic;en.
Iron and antibody nroduction
Zilva (1919), found agglutinin titers of 6400 in controls and 3200
in iron restricted rats after immunization with typhoid antigen in
three weekly illr.lunizations.

EXPERIVi'.EN"fAL l·£""THODS
Animal Care
All rats were housed individually in wire cages.
ca~es

were used for the iron studies.

Stainless steel

Glass feed jars and water bottles

were cleaned regularly and filled as needed.

Papers with waxed backing

were used underneath the cages,

These were changed often and the deck

underneath scrubbed each week,

Rats were kept in a clean, temperature

controlled room.
Diet_gomEosition and Preparation
All diets were accurately weighed and thoroughly mixed in a lar.;e
s tainless steel mixer ('r a ble 1) •

Table 1.

Basal diet

Ingredients
Casein
Dextrose
Corn Oil
}'iber
Vitamin mix
Mineral mix

gn/k>z diet
200

590
100

50
20

40

A complete, adequate, commercial vitamin mixture was used in all
studies except the one involvinc vitamin D, in which a vitamin mixture
was prepared separately, using the same vitamins in the sane proportions
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as the commercial mix, only ODiting vitamin D (Appendix Table 20),

The

mineral mixture was prepared separately for each diet from reagent c rade
minerals, replacing those levels of the mineral omited from each diet
with dextrose (Appendix Table 21),

Sach diet was analyzed, after ashing,

for iron and calcium, °h'J atomic absorption spectrophotometry,

Diets

were stored at refrigerator temperature, and a fresh batch was made up
at several intervals during the course of the experiment as necessary.
Experimental Design
Iron experiment 1
F'orty weanling male albino rats weighing between 35 and 50 grams
were civen diets adequate in all nutrients except iron.

These rats were

divided into various dieta:ry gropus Hith from 25 to 100 percent of the
iron in the adequate control diet (Table 2).

Table 2.
Dietary
group
I
II
III

IV

v

VI
VII

Level of dietarJ iron fed to the rats in iron
no,
rats

10
5
5
5
5
6
6

Iron
Iron
(";'
;.J cont:frol diet)
(mg/kg diet)

100

90
80
70
60

50
25

e :::~periment

1

FeSOLi-

(mg/kg diet)a

16
14

99.2
89.2
?9.4
69.4

12
10
5

_59,6
49, G
24.8

2-0

i8

a,.rhe amount of iron salt omitted was replaced by an equivalent
amount of dextrose

The rats were maintained on these diets fron 15 to 25 weeks.

Body

weights were recorded for each animal weekly for the first 15 wee:Y-..s,

30
licmor;lobin level for each rat wac. determined periodically.

When

the hemoglobin level of each rat hacl decreased in accordance with the
level of dietary iron, each rat was immunized with tetanus toxoid
(Eli Lilly and co., Indianapolas, Ind.).

Seven weeY..s after the diets

were begun, a 1:20 dilution of this antigen was injected subcutaneously
on the basis of the physiological weight of the individual animal,

• 75
0.5 cc/B. W'kg (Kleiber, 1961).

Rats were given two imr.mnizations, one

week apart and antibody titer was determined one, two and five weeks
after the last immunization.
After 14 weeks of the diet, 11 of the rats were given an intravenous
immunization of 1 ml of 2 percent washed sheep erythrocytes in 0.85
percent sodiur.i chloride solution.

Five days later an unsuccessful

attempt was made to determine the numbe r of antibody fonlinc cell::;
in the spleen by the Jerne plaque technique (Jerne, Nordin and Henry,

1963),

Twenty-four weeks after the initiation of the experimental diets,

another group of 11 rats were sirailiarly if.1f.1unized with sheep erythrocytes
and again subjected to the Jerne plaque technique for recognizing antibody
forming cells in the spleen, five days later.

Ar.;ain, this attempt was

unsuccessful, due to the small nuraber of aninals analyzed and the
wide variation in results obtained between animals.
At the time the animals were killed, spleen and liver wei,'.Shts
were determined, and blood was collected for analysis.

Livers were

ashed, and the iron content determined by atomic absorption spectrephotometry.

.S erum was also analyzed by atomic absorption spectrophoto-

metry for serum iron concentrations.

Serur.i protein, albumin and

globulins were determined by the biuret method.

31
Iron exneriment 2
Ten male albino rats were born of iron deficient mothers.

At

birth they were divided into two grou!JS of five rats each and fed either
the complete basal diet with 100 percent of the iron (10 n:;/kc diet), or
the same basal diet, only with no iron added to it (Table 1 and appendi;:
table 21).

Body weights were recorded weekly during the last sb: weeks

of the experiment.

Tetanus toxoid antigen was diluted 1:20 and 0.5 nl

per unit of physiological weiG;ht (B.W.k_~ 5 ) was injected subcutaneously
0

into each rat at weekly intervals, beginning six weeks before the
termination of the experiment.

Two of the five rats in the group

receiving no iron in their diet diet (apparently due to the iron
deficiency) before the final two and three determinations of antibody.
Calcium experiment 1
Twenty weanling male albino rats weighing fron J5 to 50 GTl1 were
given diets adequate in all nutrients except calcium.

The rats were

divided into three groups with either 50, 70, or 100 percent of the
control calcium placed back into their diets (Table J).
J:able 3.
dietary
group
I

VIII
IX

These diets

Level of dieta;t;:,';l calcium fed :t:o rats in CsJ.~13.IJil ~~~rim.~nt 1
no.
Calcium
Calcium
CaC03
rats (% control diet)
({-\Ill/kg diet)
(gm/kc; diet)a
10
100
6.304
15.79
5
70
4.413
11.05
5
50
3.152
7.88

~he amount of calcium salt omited was replaced by an equivalent
amount of dextrose

were provided for 15 weeks.

A record of individual body weights was kept
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each week for the first 15 weeks.

i.)even t-reeks following the initiation

of the dietary regime, each rat was immunized and antibody titer deten:iined
as described in iron experiment 1. Fourteen ueeks fron the commencenent
of the study, the number of antibody forming cells in the spleen was
measured as described in iron experiment 1.

Again, because of the ver;

small numbers of animals tested, and great variation of results, this
determination was unsuccessful.
Fifteen weeks after the diets were begun, livers and spleens were
weighed , bones were saved and blood was collected for later analysis.
Bones were ashed and analyzed by atomic absorption spectrophotometrJ for
calciUJil content.
determined .

~ one

specific Gravity and breaking strength were also

Serum was analyzed for calcium content b°IJ atomic absorntion

spectrophotometry and for phosphorous b°IJ the phosphomolybdate colo:!':'imetric
method of Comori (1953).

Bone phosphorous was determined f ron aliquots

of ashed, solubolized bone by the same method a..s serun phosphorous.
Total protein, albumins and globulins in t he scrun were assayed by the
biuret method.
Calcium experiment 2
Forty-eight weanling male albino rats weighing froru 4-5 to 80 grams
were housed individually and divided at random into various groups of
five rats each.

These groups received various levels of dietary calcium

ranging from 20 to 100 percent of the control diet.

Also in order to

study the interrelationship of vitamin D to calcium, half of the groups
received no vitamin D in their diet (Table

4).

The rats were maintained on these diets for 18 weeks.
were determined weekly.

Body weights

Ten weeks after the diets were begun, a ureim-

munization antibody titer was preformed to deten.1ine the level of antibody
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Table 4.

Level of dietary calcium fed to the rats in calcium experiment

d ietary no.
rats
c roup
IA
ID

re
ID
IE

IIA

IIB
IIC

IID
III<;

calcium

calcium

vitamin D

CaC03

(?0 control diet)( ~ri/kg diet)(% cor.trol diet)( r_:;ri/kg diet)

IS .JO

5
5
5
5
5

100
20
l!-0

GO

1.26
2.52
3.78
5.04

5
5
5
5
5

100
20
L/.O
rS o
80

6 .30
1.26
2.52
3.78
5.04

Go

100
100
100
100
100

15.79
3.14
6 .15
9.L~J

12.5<3

0
0
0
0

15.79
3.14
G.15

0

12.5C

9, lj.J

a

The anount of calcium salt omited was replaced by an equivalent
amount of dextrose.

existing naturally in the serum of each rat.

Following this preim•

munization titer, each rat was immunized and antibody titer determined
as described in iron experiment 1.

A comparison was also made between

a few fasted and non-fasted animals to determine the extent of interference in the serum of the non-fasted animals on antibody titer.
Interference was found to be negligible in the non-fasted serun.
At the completion of the experimental period, liver and spleen
weights were recorded, and serum was collected and frozen for further
analysis.

Bones were ashed and analyzed for calcium and phosphorous.

Bone breaking strength and specific gravity were likewise assessed,
Serum was analyzed for total protein, albumin, globulin, calcium
and phosphorous.
Methods of Assay
l'~ineral

analysis of diets

Ten gr ams of each diet were accurately weiehed in duplicate into

a

J4
acid rinsed crucibles and ashed overnight in a muffle furnace at 600 C.
The ash was d:Bsolved in hydrochloric acid and diluted to 100 grams Hith
deionized water in acid rinsed glassware for determination of iron content .
For calcium determination,

o.4

ml of the ash solution was fur'cher diluted

to 100 grams with a strontium chloride solution of 10,000 ppm in acid
rinsed glassware.

All samples were read against freshly prepared standards

of known concentration on an atomic ab3orption spectrophotometer.

From

variations in the readings obtained from standards, this analysis was
found to be accurate to within± 0.12 mg Ca/kg diet,
Agglutinin

te~_i

for determining antibody titer

Tetanus toxoid antiGen was diluted 1:20 with deionized water, then
diluted again 1:100, for a final dilution of 1:2000.

Double dilutions

of serun from each rat were pipetted into the antigen to make duplicate
antibody-antigen dilutions of 1r12.5, 1:25, ••• 1:1600.
mixed well and incubated 24 to 36 hours at 37 C.

These were

Each tube was carefully

ob3erved under a good light for the aeglutination of antigen and antibody
molecules.

In the second iron experiment, each tube was centrifuged

for three minutes and tapped gently under a good light, to make reading
of the agglutinin titer easier.
Antibody fonning cells in the spleen
Antibody fonning cells in the spleen were determined by the technique
of Jerne, Nordin and Henry (1963).

The spleen from each rat was carefully

teased apart and washed several times with Eagles minimum essential
medium in balanced salt solution, working constantly on ice.

Spleen

cells were diluted 1:10, 1:100 and 1:1000 and added to a liquified tube
of 0.8 percent ion agar containing DEAE dextran, along with a 12 percent
suspension of sheep erythrocytes.

These were carefully and ver; rapidly

JS
nixed and spread evenly over the ::mrface of a 1.4 :r_:iercent suspension of
solidified ion agar in a petri dish.
one hour at J7 C.

All agar plates were incubated for

'.L'he plates nere then flooded with .:::;uinea pi; conplement

and returned to the incubator for

i-

hour.

plates stored upside down, overnight in the

Cor.rplement was renoved and the
refri,~erator.

'I'he :following

norni110 the plates were flooded briefly with a benzidine stain and plaques
were counted against a lighted background on the two duplicate nlates
at the most reasonable dilution,

These were related to the number of

white blood cells in the spleen as counted on a hemocytometer under a
microscope and also on the basis of the number of antibody forming cells
per spleen

'i'wenty ul of fresh blood from each rat was mixed with 5 ml of
Drabkins reagent (KCN and KJFe( ci: ) 6 ).
JO minutes, then was read

This mixture was allowed. to stand

spcctrophotometricall~'

at a wavelength of

Sl~O

nu,

a lone with a known hemoglobin standard (Hie;hland. laboratories) (Crosby,
i-:unn

and Furth, 1954).

Total serum protein
The biuret method was used for determining total serum proteins
(Interdepartmental Committee on Nutrition for National Defense,196J),
The biuret reagent was made by dissolving NaK Tartarate, KI, and CuSo
4
in .ifaOH. Duplicate tubes of diluted serum (100 ul/2.4 ml H o) were mixed
2
with this biuret reagent and read spectrophotometrically at 540 mu after
standine at room temperature for JO minutes,

The serum of the control

r;roup::; of rats was used as a standard, after determination of the nitrogen
content of this serum

~J

the microkeldjahl method,

to be accurate to within± 0.02J

gm

This test was fotmd

protein/100 nl serum,
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Serum albumin and globulin
Serum albumin was determined by utilization of the biuret reagent,
after the globulin fraction had been precipitated out (Gradwohl,1956).
Serum g lobulin was estimated by difference between serum albumin and
total serum protein.
of each rat.

Sodium sulfate and ether were added to the serum

This mixture was centrifuged after thorough mixing.

The supernate, containing albumin was carefully drawn from underneath
the ether and precipitated globulin layers.

Biuret reagent was added

to the albumin supernate and read spectrophotometrically at a wavelength of 555mu after a JO min incubation period.

Again, the control

serum, of which the nitrogen content had been previously resolved by
microkeldjahl analysis was used as a standard.

Serum globulin concen-

tration was then determined by difference between total protein and
serum a lbumin.

The accuracy of this serum albumin procedure was calcu-

lated to be within+ 0.077 gm albumin/100 ml werum.
Serum phosphorous
Serum phosphorous was determined by a method reported by Gomori
(1953).

Serum was mixed with trichloroacetic acid (TCA) to remove

the protein.

The TCA supernate was then mixed with Elon (p-methylamino

phenol) and M.S. solution (Na 21·.,00 in H so ).
4
2 4

This was read spectro-

photometrically at 700 mu after standing 45 minutes, along with standards
prepared from a stock solution of KH

2

Po4 •

This test was determined

to be accurate to within± 0.159 mg phosphorous/100 ml serum.
Bone phosphorous
Bones were weighed and ashed overnight in acid washed crucibles
in a muffle furnace.

The ash was solubolized in hydrochloric acid and

brought to 100 gm with deionized water.

A 20 ug aliquot of this solution
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was mixed with Elon and h.S. solution and read spectrophotonetrically at
700 mu after standing 45 rainutes.

Standards were prepared from a stock

phosphorous solution as in the serum phosphorous deternination.
test was found to be accurate to within + 1.07

mg

This

phosphorous/gm bone.

:3one calcium
A known weight of bone was ashed overnight in a muffle furnace in
acid rinsed crucibles.

This ash was solubolized in hydrochloric acid and

brought to 100 gm with deionized water in acid rinsed bottles.

A 0,5 ml

aliquot of this solution was then again brought to 100 gm in acid washed
bottles with a 10,000 ppm solution of strontium chloride.

This was read

along with calcium standards on the atomic absorption spectrophotometer.
The accuracy of this determination was calculated to be ii,ccurate to
within± 3.79 mg Ca/gm bone,
Serum calcium
One ml of serum was mixed with 4 ml of 12.5 percent TCA, heated 15
minutes at 90 C anQ. centrifuged .

One ml of the TCA supernate 11as added

to 4 ml of strontium chloride solution and read with the appropriate
standards on the atomic absorption spectrophotometer.
was used in each step.

Acid rinsed glassware

From the variation in readings of the standards,

the accuracy bf this test was detennined to be within± 0.122 mg Ca/100 ml.
Serum iron
Serum iron was determined by atomic absorption spectrophotometI."'J
by a method described b°IJ Olson and Hamlin ( 1968).

Two ml of serum were

mixed with 2 ml of 20 percent TCA in acid rinsed glassware.
w~

heated to 90 C for 15 minutes then centrifuged.

This mixture

The TCA supernate

was read alone with the appropriate standards on the atomic absorption
spectrophotometer.

This test was evaluated to be accurate to within
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±

19. f, ug Fe/100 ml serum.

Liver iron
Livers were accurately weighed, ashed in acid rinsed crucibles and
brought to 100 gm in acid rinsed bottles with deionized water.

These

were read along with standards on the atomic absorption spectrophotonetcr.
Analysis of liver iron was found to be accurate to

± 0.0019

mg/e;m liver.

Bone breaking strength

B

~

A

C

-5cm-Y'-------47.5cm--------

O

]

ADA

-1. 5cm-

Bones were placed at blade (A), 5 cm from the location of attachment
of the arm (B), upon blades (D).

On the other side of blade (A),

47.5 cm from the blade at location (c), weight was slowly added in
the form of sand, until the weight became

en ou~h

to break the bone.

An attempt was made to position the bone in approximately the same
direction and location over the blades (D) each time.

The breaking

strength was calculated from the attachment of the arm (5 cm), the
placement of the weight (47.5 cm) and from the amount of weight
required to break the bone.

Kg breakine; strength

=

(L~7, 5/5) (gm

to

break bone) •
Bone specific gravity
Bones were

we~~hed

both submerged in water and dry in air, and

the specific ~ravity was calculated as the wei~ht in air divided by
the weight in water.

39

RESULTS
Iron Experiments
Hemoglobin
Blood hemoglobin was determined to indicate the iron status of
the individual rats in the iron experiments.

Hemoglobin values of

all young rats were low when evaluated after just one week of the
experimental diets, but were not significantly different (Appendix
table 22).

As the experimental period progressed, all rats began to

show increased hemoglobin levels, but as the level of iron in the
diet was decreased, the increase in hemoglobin became significantly
less (P< .05),

BiJ the fifth week of experimental feeding, the difference

in hemoglobin levels had become significantly different (p~ .05) between
groups, reflecting decreasing levels of dietary iron (Appendix table 22).
Hemoglobin values of rats receiving no iron in their diet reflected
the fact that these animals were strikingly iron deficient as compared
to controls (Table 5),

Table 5,
diet
iron
(mg/kg)
20
0

Hemoglobin levels in rats fed various levels of dietary iron
no.
rats

5
5

hemoglobin (gm/100 m~)
number weeks on diet
10
16
a

13.1 + 0.3b
6.2 + 0.5

± 1.2ba
4.7 ± 0.4

12.9

aValues with the same small letter are not significantly different
(p< .05). !lean+ standard error.
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J;ocJy weights
~~ody wei~hts

were only

(Appendix table 23).

slir~htly

affected °b'J dietar'J iron level

In addition, many times, groups receiving higher

levels of dietary iron had lower body weights than those with less iron
in their diet.

This was particularly true of the control group of

rats which received more iron than any of the other groups, but c;enerally
had lower body weights than nany of the other groups.
When essentially all iron was removed from the diet, body weishts
were on an averar;e, consistantly hip·her in control animals than in rats
receiving the iron deficient diet (Table 6).
the differences in the body weights of the two

time went on, however,

As

~roups

became significantly

less and finally sir,nificantly non-exhistant (p< .05).

Table 6 .

Dody irni8hts of rat:c; fed 20 or 0 ffi5S iron/kg diet

diet
iron

(mg/kg)

10

20
0

226 + 6a
192
7b

±

a

body weight (gm)
b
number of weeks on dieta
11
12
13
256
217

± 7~
±6

266 + 9a
7b
231

±

285 + 13a
253 + 11a

14

15

301 + 13a
253 + 19a

310 + 13a
270 + 22a

Rats were started on diets at birth.

bTreatment values with the sane small letter are not
differe nt (p< . 05). Mean + standard error.

si~nificantly

Antibody titers
There were highly significant differences ( P< • 05), between the
a.Iilounts of antibody produced and the level of dietary iron (Figure 1
and appendix table 24).

As

dietary iron was decreased, antibody titers

were significantly and proportionally decreased with a response greater
than that of either body weight or hemoglobin.

H b B.W. A.B.
(gm %)(gm) 90

20

425.

70

15
3 18-

50
10
213

30
5
106·

•• ••
••
••
••
••
••
••
••
••
••
••
••
••
••
••• ••••••• • ••••
••
••
••
••
••
••
••
••
••
••
••
~Body weight(B.W.>,oct 1, 70
••
••
Hemoglobin(Hb),Sep 30, 70
••
••
••
•••••••••Antibody titer (A.B.) Sep 30, 70
••
•
. . . . , . . . . , ...... 41/111'

10

see tables 22, 23
standard errors

and 24 for

o._________________________________________________
dietiron 20
18
16
14
12
10
(mg/kg)
Figure 1. Effect of decreasing levels of dietary iron on
antibody titer, hemoglobin a.nd body· weight

5
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The differences found in antibody titer between rats fed a
control diet and those receiving no iron was even greater (P< .05)
(Table

7).

Again, this impairment in antibody production was even

more marked in iron

deficienc~r

than was body weight or hemoglobin.

Antibody formi.Ef4-Cells in the spleen (AFC)
The results of this part of the experiment Here highzy inconsistant with much variation and no significant differences (pc,.05)
(Appendix table 25).

There was no definite relationship between the

number of AFC and the level of dietary iron.

Part of the reason for

the poor results obtained is due to the use of only one to three animals
per treatment and to individual variation among animals.
Spleen and liver weights
Liver weights were not

si~nificantly

different among the different

dietar; groups (p< .05), although in s eneral, those receiving the nost
iron had slir;htly heavier livers (Appendix table 25).

Spleen weight

increased significantly as dietary iron increased (Appendix table 25) .
~::J erum

protein, albumin and globulin

Total serum proteins and albumin were not affected b"J changeG in
dietary iron content (Table 8).

Differences in serum globulins were

found onzy between the control rats and rats fed 5 mg iron/kg diet.
Sen.un and liver iron
No statistical differences were found in serum iron or in liver
iron concentrations due to dietary iron treatment (Table

9).

The

group of rats receiving the lowest quantity of iron in their diet
had the lowest average iron content in their livers and one of the
lowest in their sera.

The other groups of rats on the contrary, tended

Table 7,

Antibody titer to tetanus toxoid in rats fed 20 and 0 mg iron/kg diet

diet
iron
(mg/kg)

week 12 of dieta
antibodyb hernaglobin
B.W.d
titer
(gm/100 ml)c (gm)

20
0

± 22a

13.1

59 ± 14a

6.2

115

Week 12 of dieta
antibodyb
titer

B.W.d
(gm)

266 125

± 21 a

285

231

±

253

41

3b

week 14 of dieta _
antibodyb
B.w.d
titer
(gm)

340 ± 25a

201

±

266

19

4 b

week 15 of dieta
antibodyb hemaglobin
titer
(gm/100 ml)

310

B.W.d
(gm)

± 46a

12.9

310

0

4,7

270

19 ± o

~ts were immunized weekly beginning on the tenth week after diet was begun.

bTreatment values with the same small letter are not significantly different ( p( , 05),
error.

1~1ean + standard

cThe first set of hemoglobin values was for the tenth week of diet rather than the twelfth.
dBody weight.

-{::'
\._, )
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Table 8 .
diet
iron
(mg/kg )
20
18
16
14
12
10

5

Serum protein, albumin and globulin in rats fed decreasing
levels of dietary iron
no.
rats
10

5
5
5
5
6
G

serum
protein
(,~/100 ml)a
+ 0.1 a
a
+
0.2
a
+ 0.3 a
-+
O.L~
a
+
0.3
a
+ 0. 8a
6.2 .± 0.3
7.0
7.0
7.0
7.1
7.1
6 .3

~

serum
albumin
(gm/100 ml)a
4.7
4.5
4.5
4.9
4.9
4.2
4.5

serum
globulin
(gm/100 ml)a

+ o.1a
+ o.1a
:j: 0.3a
a
-+ o.6 a
-+ 0.3 a
-+ 0.7a
.± 0.3

2.3

2.L~

.±

+
+
-+
+
.±1. G +
2.5
2. 2
2.2
2.0

ab
o.2ab
0.1
a
o.o a b
0.1 a b
o.oa b
o.2b
0.1

aTreatment values with the same small letter are not significantly
different (p< .05), Eean + standard error.

to show slightly increasing levels of liver and serum iron as the level
of dietary iron increased.

In most cases however, values were all

sirailiar.

Table 9.

Serum and liver iron in rats fed
iron

d'-et

iron
(lllg/kg)
20
18

16
14
12
10

5

no.
rats

10
5
5
5
5
6
6

serun
iron
(ug/100 ml)a
102 + 1oa
111 + 8a
128 + 15a
134
14a
125
4a
140
14a
114
11a

+
+
+

±

decreasin~

levels of di etary

liver
iron
(ug/100 ml)a
0.121 + o.oo~
0.112
o.oo6a
0.116
0.014a
a
0.113 .± o.005b
0.165 + 0.028 b
0.139 + o.019a
0.099
o.012a

+
+

±

a.Treatment values with the same small letter are not significantly
different (p41t .05). I:ean +standard error.
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Calcium Exneriments
Body weights
Body weights were generally not different except at the lowest
level of dietary calcium.

This low level was found particularly in

rats on the low calcium diets without vitamin D (Appendix tables
26 and 27).

At the commencement of the preliminary or first calcium

study, the control rats weighed less than those receiving decreased
levels of dietary calcium.

Throughout the experimental period, these

controls were never able to reach the higher body weight of the deficient
[70ups, but by the termination of the experiment this difference had
become much less.
Antibody titer
In the preliminary calcium study, the two calcium deficient groups
of rats exhibited no differences from each other, but both displayed
a titer significantly lower (p< .05) than the controls for the first
two weeks after antigen injection ('l'able 10).

Dy the fifth week after

immunization, this difference had disappeared, although the titers
of the rats receiving less calcium was still somewhat lower than the
average titer of the control rats.
In the second calcium experiment, there were only slight differences
in antibody titer.

These small differences did reflect the level of

dietary calcium although they were slight and not
sienificant (p< .05) (Figure 2 and Appendix table 28).

46
Table 10.
diet
calcium

(gm/kg)

Antibody titer to tetanus toxoid in rats fed 6.3, 4.4 or
3.2 gm calcium/kg diet
week 9 of diet
week 10 of diet week 1J of diet
B.H.b
antibody
B.i'J.b antibody B.H.b
anti bod~
titera
(gm)
(gm)
titer a (gm)
titer

no.
rats

100 ± 00~
33 + 5
40 + 10b

10
5
5

6 .3
4.4

J.2

342
353
357

59 + 72.
24
1~
20 + 4

±

345
357
361

88 + 4a
55 + 4a
55
15a

371
376
382

±

~reatment values with the same small letter are not significantly
different (p< .05). Mean+ standard error •

. ~ody weight .

Antibody forming cells in the spleen (AFC)
Again, as in iron experiment, the results obtained were poor
and not significant ( P< • 05) (Table 11),

'fable 11.

Spleen and liver weights and antibody forming cells (AFC)
in the s pleen in rats fed 6 .3, 4.4 or 3,2 gm ca/kg diet

diet
ca lcium no.
(r;m/kg) rats

6.J

10
5

4.4
3.2

Standard deviations among

5

spleen
weight
(gm)a
,73 ± .o4a
.72 + .02a
.ooa
.60

+

liver
weight
(gm)a

AFC/spleen
range _
times 10 - 3

no. rats
tested
for AF'C

10.8 + .5a
,7a
10.6
9,3 ± •?8-

12-105
74

3
1
1

+

9

a

Treatment values with the same small letter are not significantly
different ( P< • 05). Mean + standard error.

rats in the control group were large, indicating a high degree of
variation among individual animals, and only one animal was tested in
each of the deficient groups.

In the first calcium experiment, liver and spleen

wei~hts

decreased
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B.W. A.B.
(gm)

450-110

''\....._______
---........

~

........

,, -

\\

337·

22 5. 5 5

•••• ••body weight (B.WJ, Dec 3, 70

112 ·

- - - anti body titer (A.B.>,Dec 2,70
see tables 27 and 28 for standard errors

o a·1et ca.

63

diervr

o 105

gm/k~

unit/kg

·

5.0
0

3.8

. 105 .

.

3.8

2.5

2.5

1.3

0

105

0

0

Figure 2. Effect of decreasing levels of dietary cakium and
vitamin D on anti body titer and body weight of rats
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sli~htly

with each decrease in dietary cal cium , but these decreases

were not great enough to be significantly different (p< .05) (Table 11).
In the second calcium experiment, t here were many differences
i n both spleen and liver weights between grou:r:s.

These differences

did not parallel the percentage of dietary calciur.J. however (Table 19),

Table 12.
diet
calcium
(gm/kg )
- . 6. 3
6. 3
5.0
5.0
3. 8
3. l3
2.5
2.5
1.3
1.3

Spleen and l iver weights of rats fed decreasing levels of
dietary calcium, with or without vitamin D
diet
vit D
(units/kg )
100,000
0
100,000
0
100,000
0
100,000
0

100,000
0

spleen

liver
weight
(gm)a

weigh~

(gm)
. 69
~59

.76
• 71
. 66
. 69
.59
. 67
. 61
. 60

±
±
-+

±
-+
±
±
-+
±
+

.ooabc
.ood
.04ab
a
.oobcd
.ooa bc
.ood
.oobcd
.o4c d
.ood

.oo

12. 89
10.04
12.76
12.76
12. 63
13.92
13.42
12.16
13.08
9.76

± 0. 8 ~be
be

-+
-+
+
-

+

±

-+
+
-

+
±

2.24a b c
0.50 a b c
0.61 b
o.52a c
a
o.32ab
1.04a b c
1.39 b
o.21a c
c
o.4o

aTreatment values with the same letter are not significantly
different (p< • 05). Iiean + standard error.

Serum .E_rotein, albumin and globuli.E_
With the lowest level of dietary calcium, rats exhibited the
highest serum protein level, while those with half of the calcium of
the controls displayed the lowest level of serum protein (Table 13.
None of the experimental groups of rats had significantly different
albumin or globulin levels in their sera (Table 13).
In the second calcium experiment, there were no significant
differences (p<.05), in either serum protein or albumin among dietarJ
groups (Appendix table 29).

'T here were significant differences (p<: .05)
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Table 13.

Serum protein, albumin and globulin in rats fed decreasing
levels of dietary calcium ranging from 6.3 to 3.2 (!.lrl/kg diet

diet
calcium no.
(gm/kg) rats
6 .3

10

L~.4

5
5

3.2

serum
protein
(gro/100 ml)a

7.oL~
+ .15ab
,
a
b . JO :!: .32b
7, 45 :!: .30

serum
globulin
(gm/100 ml)a

serum
albumin
(gm/100 ml)a
4.74
4.50
5. 00

a
-+ .13a
-+ .32a
:!: .15

a,,reatment values with the sane small letter are not significantly
different (p •• 05). Mean +.standard error.

among several groups in serum globulin levels.

These differences were

not consistant in reflecting the level of dietary calcium or vitamin D,
as the rats receiving the least calcium were not necessarily the ones
with the lowest serum globulin values.
Serum_calcium_and_ phosphorous
In the first experiment, serum calcium levels in all groups were
normal and not significantly different, although the rats receiving
the intermediate level of dietaX"J calcium had slightly higher levels
of serum calcium than the control rats or the rats most deficient
in calcium (Table 14),

Serum phosphorous was significantly decreased

(p< .05) in the wera of the rats receiving suboptir.ial levels of calcium
in their diets (Table 14).
In the second experiment, serum calcium and phosphorous were

unaffected by the level of calcium in the diet (Table 15),

vitamin D

in most cases had little effect on serum calcium and phosphorous levels.

However, the rats receiving no vitamin D had higher serum phosphorous
values and lower serum calcium values than those which received vitamin D
along with this low level of dietar; calcium.
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Table 14.
diet
calcium

(gm/kg)

Serum calcium and phosphorous in rats fed decreasing levels
of dietary calcium ranging from 6.3 to 3.2 gm ca/kG diet
serum
calcium
(mg/100 ml)a

no.
rats

serum
phosphorous
(mg/100 ml)a

6 .3

10

9.1

± o.sa

± 1.2a

4.4

5

11.8

± 1. 2a

8.9 ± 0.7

3.2

5

9,7

± 1.2a

8.1

14. 8

a

± 1.2a

8.-rreatment values Hith the same small letter are not significantly
different (p(.05). Mean+ standard error.

Table 15.

Serur.i calcium and phosphorous in rats fed decreasin~ levels
of dietary calciun, with or without vitamin D

diet
diet
calcium vit D
(gm/kg ) (units/kg )
6 .3

100,000

6.3

0

5.0
5.0
3.8
3.8
2.5
2.5
1.3
1.3

100,000
0

100,000
0

100,000
0

100,000
0

serun
calcium
(mg/100 ml)a
d

9.1 -+ .G c d
9,9+.7bc
a
11. 7 + ,9 be
11.7 a
12.8+ .1 b
12. 3
9a c
a
2
l'.3· ± · 7abcd
11.1 + .9 b
12.G :f , ~cd
10.1 ± .9

+ .t:
+.

serur.i
uhosuhorous
(rng/ioo ml)a
'

10 .7
17.6
16.2

b

-+ 1.0a b
+ 1.0a b
±
2.1b

15.4 ± o.5ab

+
- 1.4a b
+
- o.sa b
+
- 0.1 a b
16.9 ± 1.2b
15.5 -+ 0.3 a
19.9 ± 1.3
18.1
17.2
16.6

aTreatr.,ent values with the same small letter are not significantly
different (p<, 05). Means + standard errors.
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Bone calcium and

~hosphorous

In the first experiment, bone calcium was reduced considerably
in the rats receiving decreased dietar"J calcium, but because of a large
standard error, or variation within the group, bone calcium was not
significantly different (p< .05) between the individual dietarJ t",rou:µ:;
Table 16).

Bone phosphorous levels were not significantly different

(p~.05) although the control group of rats had the highest level (Table

16).

Table 16 .

Bone calcium and phosphorous in rats fed diets containing
6.3, 4.4 or 3.2 gm calcium/kg diet

diet
calcium no.
(gm/kg) rats
6 .3
4,L~

3.2

10

5

5

bone

bone
calcium
(mg/gm)a

wei~ht

(gm

1.015
0.980
O. 9LiJ+

193.75 + 13.18a
167.41
12.9oa
162.76
3.58a

+

±

bone
fhosphorous
mg/gm) a
74.68 + 5.35a
58. 63
2.33a
67.56 8.05a

+

±

a.r,rea tment values with the same small letter are not significantly
different ( p( • 05). Mean + standard error.

In the second calcium experiment, the only group of rats with
significantly lower (p< • 05) bone calcium levels was the group receiving
the lowest level of dietary calcium with adequate vitamin D (Table 17),
Done phosphorous levels in the groups receiving no dietary vitamin D
were significantly increased (p< .05) as dietary calcium was decreased.
Other values were highly variable, showing little meaningful effect of
either dietary calcium or vitamin D.
Bone specific gravity and breaking force
The higher the level of calcium in the diet, generally, the greater
the breaking force of the bones of the rats became and the higher the
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Table 17.

BOne calcium and phosphorous i n rats fed decreasing levels
of dietary calcium with or without vitamin D

bone
diet
diet
weight
calcium vit D
( gn/kg ) (units/kg) (gm)
6 .3
6 .3

100,000

100,000

1.015
0 .841
0.963
0. 863
0.860
0.982
0. 804
0.749
0.827

0

0.558

0

5.0
5.0

100,000

3. 8
3.8
2.5
2.5
1.3
1. 3

100,000

0
0

100,000
0

bone
calcium
(rng/gm)a
193. 75
229. 67
187. 60
215.42
197.76
194.74
208.83
241.80
149.70
215.37

bone
phos ph0£0US
(mg/gm)

+ 13.18ao
a
+ 17.73 b
-+ 17.7~
a
-+ : _ 5.75 a b
+ 13.92 b
+ 8.93a
- 7.1~a
± 14. 69b
+ 28.66
23.32a

-

+

±

~reatrnent values with the same small letter are not significantly
different (P< .05 ). !:ean +standard error.
1

s pecific gravity of the bone became (Tables 18 and 19).

The higher the

specific gravity of a bone, the lower the density of that bone is,
as the level of calci um was increased in the diet of these rats, the
density of their bones dropped.

Vitamin D in this case seemed. to make

only a slight difference, with the main effect being due to decreased
d~etary

calcium.

Table 18 .

Bone weight, specific gravity and breaking force in rats
fed decreasing levels of dietary calcium

diet
bone
bone
bone
calcium
no.
breaking force
weight
specific
(gm )
(gm/kg ) rats
gravitya
(kg)
6 .3
10
1.0064 + .0022a
1.015
12. 82 + 1.98a
a
a
4.4
5
0.980
1. 0062 ± . ooo6b
7.99 -+ 1.22a
3.2
5
0.944
1. 0224 ± .0102
9.60 ± 1.62
a::rreatment values with the same small letter are not significantly
different (p( .05). !'Jeans +standard error.
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Tabl~

19.

Bone weight, specific gravity and breaking force in rats fed
decreasing levels of dietary calcium, with or without vitamin D

diet
diet
bone
calcium vit D
weight
(Qn/kg) (units/kg) (gm)

6 .3
6.3
5.0
5.0
3.8
3.8
2.5
2.5
1.3
1.3

100,000
0

100,000
0

100,000
0

100,000
0

100,000
0

1.015
0,841
(),963
0.863
0.860
0.983
0.803
0.749
0.827
0.558

bone
specific
a
gravity

bone
breaking

force (kg)

1. 0064 ± . 0022ab
1. 0098 ± . 0008ab
1.0130 ± .oooob
0.9890 ± .0194b
0.9884 ± .0063ab
1. 0086 ± . ooooab
1. 0216 + 0109 b
1.0188
.0077a
1.0244 + .0141a
1.0270
.015oa

+

I

±

3Treatment values with the same small letter are not significantls"
dif'ferent (p~ .05), 1'1ean + standard error.

DISCUSSION

Iron Experiments
The antibody response appears to be very sensitive to small changes
in many dietary nutrients.

.F'or dietary iron, i t appears to be one of

the most sensitive tests for reflecting nutritional status, with a
response even greater than body weight or serum and liver iron and
comparable to or perhaps even surpassing that of blood hemoglobin.
The decreased hemoglobin levels found in the iron deficient rats,
is as would be expected in iron deficiency,

The blood of the more

deficient animals actually appeared to be a much lighter red than
the blood of the control animals,
looked pale and were lethargic,

The extremely deficient rats
Three of the rats receiving no

dietary iron, after bleeding for antibody titer, died for no apparent
reason other than iron deficiency.

They appeared verJ pale and lifeless.

The more severe the dietary iron deficiency, the more of these signs
the rats seemed to exhibit.
Body weights and serum and liver iron content were not drastically
reduced.

This only helps to confinn the fact that a person could have

a subclinical case of iron deficiency, without a lot of evident, easily
detectable symptoms.

Because iron deficiency does affect antibody

production vividly, even with only slight changes in dietary iron,
much of the lowered resistance and discomfort a person experiences
could be due to a subclinical iron deficiency.

The decrease in spleen

weight and serum globulins that accompanied the decrease in antibody
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titer, when dietar"IJ iron was reduced, further supports the idea that
a decreased level of antibodies are present.
Antibody represents the synthesis of a new protein (Sabin, 1939).
New and specific antibodies are fonned whenever the subject is chal~
lenged with a unique antigen.

For this reason, immunological response

as measured by antibody titer against a specific antigen can be very
sensitive to nutrient intake and nutrient imbalances.

Because inununo-

logical response is so dynamic, it should reflect the status of protein
synthesis at any given moment.

Anything affecting protein synthesis

should be reflected by the amount of circulating antibody.
Antibodies are continually being formed and should therefore
reflect the conditions of protein synthesis.

If protein synthesis

is to proceed nonnally, all the nutrients and enzymes involved must
interact appropriately.

If any vitamin or mineral that is required

for the activity of enzymes of protein synthesis is absent, the protein
cannot be synthesized.

If just one amino acid necessary for the

structure of a particular _protein is absent, this protein cannot be
synthesized,

It is possible then that the rate of antibody synthesis

should be reflected °b'J the status of those nutrients necessary for its
synthesis.

The fact that antibody titer is decreased as dietarJ iron

is decreased seems reasonable, and the mechanism involved, may be
concerned with protein synthesis in general.
In order for a protein to ~ synthesized, energy is required.
The main energy producing reactions of the body are directly connected
with the mitochondria and cytochrome or electron transport systems.
Morphological changes or abnonnalities of the mitochondria have been
demonstrated in the rat -after three to eight weeks of an iron deficient
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diet (Dallman and Goodman,1971).

Hith such changes in the mitochon-

dria and cytochromes as occur with iron deficiency, their function in
energy metabolism could be expected to be impaired,

As

energy metabolism

is impaired, protein synthesis would be expected to be impaired, because
energy is an essential step in the coupling together of the various
amino acids necessary for the formation of a body protein.

From the

results of this experiment, it seems that antibodies are one of the
first body proteins to be affected by a decrease in dietary iron.
With the malnutrition that is so widespread today, antibody titer
could be one quick, efficient and very sensitive method for determining
the degree of malnutrition experienced by individuals and the need
for further investigation into their nutritional status.

As

was

mentioned previously, the mechanism of the synthesis of antibody protein
is the same as the synthesis of any other protein and is affected by
many nutrients.

The synthesis of this new protein can be induced by

introduction of a unique antigen.

After antigen exposure, the efficiency

with which the body is able to form this new protein depends to a
great extent on the nutritional status of the individual being
challenged, and when a person is nutritionally deficient, the synthesis
of a new antibody protein will be inefficient to the same degree.
The data obtained in my research, suggests that the diets may
have had insufficient iron for maximal antibody production even though
hematopoetic needs were met and liver iron storage was normal in the
control rats.

Further work with the effect of iron on antibody

production would possibly merrit using a level of dietary iron higher
than 20 mg/kg, to assess its effects.
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Calcium

E~riments

AB calcium was removed from the diet of rats, at progressively
increased amounts, more and more symptoms of calcium deficiency began
to appear.

The effects due to vitamin D were much more variable and

less clear.

The greatest effects of calcium deficiency, showed up

in the bones of the rats.

The bones of the deficient rats had a

generally lower calcium content than the rats receiving higher levels
of calcium in their diet, which is what would be expected.

This decrease

in bone calcium was also reflected somewhat by the decreased force or
pressure required to break the bones of the deficient animals and
the decreased density of the bone as determined by its decreased weight
in water, and thus its higher specific gravity measurement.
Although there was little consistant change in the calcium levels
of the serum, or in body weight, outward symptor:is of calcium deficiency
were readily apperent.

The animals with suboptimal levels of dietar'J

calcium in most cases looked smaller, had rough coats and more of an
unkept appearance.

They were more nervous and irritable and their

bones appeared softer both by their posture and difficulty to move
about normally and after death by the mis-shapen, smaller and more
porus structure of their bones.
Antibody titer was not significantly reduced by decreasing the
level of dietary calcium in this study.

This seems reasonable, or at

least understandable, due to the fact that calcium takes little part
in protein synthesis.

SUiJ.ARY

In four separate ex:periments, two with iron and two with calciun,
sone very :pertinent and interesting infonnation re0ard.ing nutrition
and antibody production was .c:sathered.
1.

Antibody production is drastically reduced with just snall

changes in dietary iron
2.

Antibody production is much less sensitive to changes in

dietary calcium and vitamin D.
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Table 20.

Vitamin mixture used in basal diet

Vitamin
Vitamin A
Vitamin Db

gm vit/kg vit mix

a

mg vit/kg diet

4.5
.25

90
5

Alpha Tocopherol

5.0

100

Menadione

2.25

45

45.0

900

5.0

100

75.0

557

Para amino benzoic acid

5.0

100

Niacin

4.5

90

Riboflavin

1.0

20

Pyridoxine hydrochloride

1.0

258

Thiamine hydrochloride

1.0

Calcium pantothenate

3.0

Biotin

0.02

0.4

Folic acid

0.09

1. 8

Vitamin B12

o. 0135

0.27

Ascorbic Acid
Inositol
Choline chloride

8.7
25

8Lhese amounts were made up to one kilogram with dextrose.
bvitamin D was omitted from the mixture to be placed in the diets
of the rats receiving no vitamin D in the calcium experiments.

Table 21.

Mineral mixture in basal diet

Salt

gm/kg min mix

Mineral

mg min/ kg diet

Copper sulfate

0.290

Sodium

2060

Ferrous sulfatea

2 .48

Chloride

3790

Potassium chloride

200.0

Potassium

4240

Sodium biphosphate

360.0

Phosphorous

3340

Magnesium carbonate

37.6

Manganese

Calcium carbonateb

394. 774

Magnesium

4.94
43

Potassium Iodide

0.79

Calcium

Manganese sulfate

3.78

Iron

Zinc sulfate

0.275

Iodine

2.28

Cobol t chloride

0.0226

Zinc

5

Sodium molybdate

0.0417

Copper

4.6

Cobol t

0.2

Molybdate

0.07

6304
20

~errous sulfate was omitted from the mixture to be placed in the diets of the rats on the iron
experiments and replaced back in the diet separately in the level required (Table 6).
bCalcium carbonate was omitted from the mixture to be placed in the diets of the rats on the
calcium experiments, and replaced back in the diets separately in the level required (Tables 7 and 8).

--J
....

Table 22.

Hemoglobin levels in rats fed decreasing levels of dietary iron

Dietary Iron
(mg/kg)

No .
rats

Hemoglobin (gm/100 ml)
Number of weeks on dieta
s
7

2

1

20

10

6.6 + .4a

9. o

18

s

6.lt.Sa

16

s

14

±

.sab

10

13

12.4 + .2a

-

13.6 + .2a

13.2 + .4a

-

17.3 + .3a

7. 9 + .sab

-

11. 7 + . sab

-

13.3 + .6a

12.2 + .sab

-

16. 0 + . 3ab

6.4 + .Sa

-

9. 3 + 1. oa

9.9 + .scd

13.6 + .3a

11.6 + . 7ab

-

lS.9 + .2b

s

6.7 + .6a

-

9. 6 + . ga
-

11.0 + .3bc

-

13.2 + .4a

12 .3 + .sab

14 .18+ .4 cd

12

s

S.8 + .4a

7. 6 + .6ab

10 .3 + . 6cd

-

13.0 + .4a

12. 8 + .1 a

lS.l + ,3bc

10

6

6.0 + .3a

-

8. 6 + . gab

9.S + .sde

11.9 + .4b

10.9 + .7b

-

13.o + .sd

s

6

S .S + .3a

7.2 + .6b

8.7+.2c

11.4 + .3 b

8.8 + .6c

10.1 + .4e

-

-

-

-

-

-

aTreatment values with the same lette r are not significantly different
Mean t

-

-

-

-

(P< .OS).

standard error.

--'1

N

Table 23.

Body weights of rats fed decreasing levels of dietary iron

diet
iron
no.
(mg/kg) rats

body weights (gm)
ntimber of weeks on dieta
4
2
3

0

1

10

39 :t 1c

76 :t 2b

111 :t Jc

158 :t Sc

202

± Sa

2L1-8

18

5

41 + 1bc

86

± 2a

142 + 2d

191 :t 2a

237

± Ja

16

5

4J :!: lb

83

± 1a

1J1

14

5

43 :t 1b

81

± 1ab

124 ± Jab

176 ± Jab 221 ± Ja

12

5

46

83

± Ja

129 :t Ja

175 :t 7b

10

6

46 + lab

68 ± Jc

96 :t 6e

s

6

48 :t 2a

80 + 2ab

20

± 2ab

± Ja

116 :t 5bc

179 ±Jab 2JO ± Ga

226

± Sa

7

5

+ 6ab

280 + 6b

310 :t 6b

280 ± 5a

316 :t 7a

345 ± 10a

27G :t 9a
,,ab
226 ± 0

316 :t 11a

348 :t 13a

272

±

298 ±

Sab 312

±

331 :t

7a

342 :t 9a
308 :t 9b

± 7c

188 :t 7b

247 :t 11ab 276 :t 10b

157 :t 7c

199 :t 7b

236

147

±

5b

278

~

0 ab

f-b

;}

~reatment values with the same small letter are not significantly different (p< .05).

302

±

/

9b

hean + standard

error.

-.J

'-"

Table 23.

Continued
Body weight

diet
iron
no.
(mg/kg) rats

20

8

10

9

301

± .30a

342

±

7°

5 363

± 11a

377

.:t

12ab

5 372 ::!: 15a

381

± 19ab

10

(gm)

number of weeks on dieta

± 12''-

363

.:t

5 364

± 10a

381

± 12a
± 11ab

6 329

.± 12a
.:t

oa
/

±

7°c 353

-

~-

3LJJ+

16ab

343 ! 10ab

.±

12

8ao373_±_
-

8~lb - 371

-

± 8a
± 14a
± 20a

411- -+ 11a.
-L~1L~ + 19a.
-

371l -+ 14a.uv )79 -+ 1o ~u
+ 14a
14~
181
+ 15a
1S~
385} ±
381 .±
...
...
3Sli~ -+ 11~'"""' 161 -+ 11=uv

199
- - - -+ 20uu 406 ± !Ou
403
401 .±
+ 14ab
14~u 406 ! 13a

,7 +
337
- 12v

'368 + 11 u

"h~

")...,..

,..

-

- .....

,..

340 -+ 11 v

413

413

- .....

... "h

-182 -+ 11~u 390
"h

-

14

13

37;2 -+ 12a.uv -181-~ -+ 12""
- '36:1 -+ 19'w 189 -+ 18a.
_..__

5 350

6 332

345

11

373

421

± 8a
± 16a
± 16a

412

± 20a

375
421

405 j: 14q

± 13a

394

± 10a

± 10a

385

± 12a

~reatment values with the same small letter are not significantly different (p<: .05).
errors.

heans

± standard

~

.(:::"

Antibody titer to tetanus toxoid in rats fed decreasing levels of dietary iron

Table 24.

week

diet
no.
iron
(mg/kg) rats

~

of diet

week 10 of diet
body
body
antibodyb heMoglobin weight antib°%y
hemaglo~in weiJht
titer
(gm/ioo ml)c (gm) titer
(gm/100 ml) (gm

20

10

100 + oa

13.6

342

18

5

100 + oa

13.3

377

± 7a
5tl ± 11ab

16

5

85

± 10ab

13.6

381

50

±

14

5

65

± 13°

1'.}.2

363

l!J

± 5abc

12

5

70 !

ob

13.0

382

10

6

41 + 4C

11.9

344

5

6

3(, ::!: 10c

11.4

343

/

59

8ab

abc
41 + 6
oc
33 ± 5
,. c
23 ::!: 0

week 1J of diet
body
antibodY. hemaglo1mm. wei~ht
titer It (gm/100ml) (gm

13.2

345

88

± 3a

17.3

371

12.2

377

75

± 8a

16.0

413

11. 6

381

70

± 12a

15.9

413

12.3

371

45

±

1L~.

2

406

12. 0

385

46 + 9b

15.1

406

10.9

39~

26

13.0

390

0 . or-

337

17 ::!: 2c

10.1

373

±

9b

,,. "be

0

~irst titer was determined one week after the la.st !Sf two immunizations.

"b.r:reatment values with the same small letter are not significantly different
error.

Cp< .05).

I,eans + s tandartl

cT~e flrst set of hemoglobin values were for week 7 rather than week 9.

v:?

Table 25.

Spleen and liver weights and antibody forrainr, cells in the s pleen (AFC) in rats fed decreasin0
levels of dietary iron

diet
no.
iron
(mg/kg) rats

spleen
weight
(gm) a

liver
weight
(gm)a

± 0.04b

AFC/ Spleen
(range- X 10-3)

rats tested
for AFC

110.

10.84

± o.5oa

12 to 105

3

13.01

2

47

1

5

0.70

± o.oob

12.40

12

5

0.65

10

6

± 1.10a
± 0.99a
± 1.37a
± 1.73a
± 0. 8L~a
± O. 71a

22 to 48

1. zL~

± o.16ab
± 0, 58a

20

10

0.73

18

5

0.93

16

5

14

5

/

0

± 10.27b
0. 63 ± 0. QL~b
0.75

± 0.05

b

,.

11.50

10.27
10,15
11. 03

32 to 86

2

13

1

31 to 259

2

126 to 189

2

aTreatment values with the sane small letter are not si,c;nificantly different (p( .05),
error.

riean + standard

--J
()'.

Table 26.

Body weights of rats fed decreasing levels of dietary calciUill

diet
calcil.un no.
(g.i/kg) rats

0

.±

body weights (gm)
number .of weeks on diet - - - ____5_____ ----- 6
4
2
3

1
la

76

.±

2a

111

± 3a

158

4.4

5 45

± 1a

86

± 3b

142

± 3b

191

.± 5a
± 4-0

3.2

5 49

± 2a

88

± 3b

138

± 5b

183

.±

6.3

10

39

7b

202 + 5a

228 + 11a

236

±

L~

a

,. a

2L1-J

.±

277

± 7b
.± 12b

272

0

7

280 + 6a

310 +

6a
10a

306

.±

9a

326

.±

302

±

14a

326

± 16a

~reatment values with the same small letter are not significantly different ( P< , 05),

he ans +

standard error,

""1
""1

Table 26.

Continued

diet
calcium no.
(gm/kg) rats

6.3

10

4.4

5

3.2

5

body weights

(gm )

number of weeks on dieta
8

10

9

± 30a

±

7a 345 ± rfa
Y+6 ± 12a 353 ± 13 357 ± 12a
_,
350 ± 15a 357 ± 1-t' 361 -+ 1r;a
301

342

11

12

13

± 7a
360 ± 11a
265 ± 1Ja

± Ba
379 ± 12a
309 ± 15a

± 8a
376 ± 11a
382 ± 15a

353

373

371

14
375 ± Ba
J84 ± 12a
380 ± 12a

3.:rreatment values uith the same small letter are not sii;ni f icantly d iffere nt (p < .05).
error.

bean+ standard

-.J

co

Table 27,

Body

weights of rats fed decreasing levels of dieta:q calcilli:l with or Hithout vitamin

diet
diet
calcium vit D
(mg/kg) (units/kg)
6 .3
6.3

5.0
5.0
3.8
3.8
2.5
2.5

1.3
1.3

100,000
0
100,000
0
100,000
0
100,000
0
100,000
0

0
73

± 4a
± 1b

53
71 .:t 4a
46 + 1b
72 ± 4a
48 ~ 1b
74 + 4a
48 ~ob
68 ± 3a
46 +ob

1

2

101 + 3a 1.54 ± 3a
104 + 9a 152 .± 15a
91 .:t 4a 137 ± 5a
101 .:t Sa 133 ± 17a
92 .:t 3a 141 + 5a
103 ± 11a 124 .± 22a
30 -+ 4a 139 ± Ja
/

106

± 31a

139

86 + 4a 130
94 .:t Sa 117

.±
±
.:t

4

3
201
182
179
170

±
.:t
.:t

3a 265
21a 219
6a 240

± 16a

227
Sa
186 +
252
133 .± 15a 232
178 ± Ja 253
17a 166 :t 2L~a 208
4a 165 ± 5a 219
6a 126 ± 0nb 149

±
.:t
.:t

6

5
5a

290
246

±

D

6a

7

313 ± ~ 336
274 ~ 20a 304
25S ± 40a 328
279 .± 17a 312

2Sa
.:t 24a
Sa 269 .:t 1~
± 19a 246 ±it
± 10a 276 11.a J04 .± 12a 332
± 2oa 2 59 ± 22.ab 291 ± 17a 317
± ~ 228 ±44ab 2 96 ± 10a J24
.± 36a 224 -+ 3~b 257 -+ 36a 281
± 5a 2'06 ± 3 ?ab 26S ± 5a 2s9
± 9b 162 ± Sb 173 ± 11 b 186

±

.

8.rreatment values with the sar.ie small letter are not sit;nificantly different ( :p< .05).
error.

i 1ean

±

9a

.:t 16ab
± 11ab
± 13ab
.± 15ab
± 21ab
.:t 10ab
± 34b

±
±

ab
5
10c

+ standard

-,J

'°

Table 27.
diet

Continued

6.3
6.3
5.0
5.0
3.8
3.8
2.5
2.5
1.3
1.3

body ne ights ( gm)
number of weeks on diet
14 ·- -·- 12 - - - - 1 -3 - -·-

diet

calciun vit D
(mg/kg) (units/kg)

100,000 338 + 16ao
0 362 ±-12ab
100,000
392 + Sa
0 380 ~ 14ab
100,000
0
100,000
0
100,000
0

Is -- -17-·

10

-

393
370
378
336

± 11a

+ 25ab
+ 11ab
+ JOb

-

338 -+ 13b
232 ± L~c

421 + 20a
381
14a
411 + 11a
407 ~ 1~

436 + 23a 432 + 21a
396 14ab 404
1.?
429 + 13ab 433 + 19ab
393 ~ 15ab 417 ~ 21a

411
335
335
380

429 ± 16ab
413 + 15ab
ab
413 ± 15
383 + 2~b

±
-

±
+
+
+

-

16a
63a
6Jab
29a

359 -+ 11a
258 ± 6b

±

±

-

-

372 -+ 11b
268 ± 8c

420
420
420
389

-

± 1~

4Ll6 + 20a

±

-10

468 + 15ab 473 + 16ab

±

±

423
16abc 434 23ab 442
20ab
450 + 19ab 476 + 18a 453 + 20a
427 ~ 22abc 458 ~ 20ab 462 ~ 21ab

-

456
398
432
398

±
+
+
+

-

17ab
26ab
19abc
26bc

+ 1~
+ 17a
+ 2~
369 -+ 12ab 386 -+ 11c
280 ± 8b 298 ± 10d

480
451
451
42 3

±
+
+
±

-

16a
25a
25ab
ab
29

382 -+ 32b
318 ±Jc

a,.i 'reatment values with the same small letter are not significantly different (p.( .05).
error.

483
453
453
428

± 16a

+ 26ab
+ 26ab
+ 27ab

-

413 -+ 13b
331 ± 5X
Ilean +standard

CD
0

Table 28.

Antibody titer to tetanus toxoid in rats fed decreasing levels of dietary calcium, with or
without vi tarnin D

diet
diet
calcium
vit D
(gm/kg) (units /kg)
6.3
6.3
5.0
5.0
3.8

100,009
100,000
0
100,000

3.8

0

2.5
2.5
1. 3
1.3

100,000
0
100,000
0

week 10 of dieta
antibody
B.W.
titer c
(gm)
20 + Ga
14
ia
16 + 2a
24 ii= 9a
20
5a

+

+
13 + 4a
25 + i:_
22 + 6a
21 + 6a
18

±Sa

388
362
362

380
393
370
378
336
338
232

5--

- - - - - -- - - -

week 12 of diet
antibogy
B.W ...
titerc
(Qi!)
85 + 10ab
100
oab
95 :j: 30ab
115
15~
50 + 8
88
7ab
51
20b
75 + 19ab
80
5ab
88 13ab

+

±

+
+
+

±

421
381
411
L1-07
411
l ~15

335
380
359
258

week 14 of diet
antibody
B.W.
titerc
(gm)

-·

85 + 10a
60
7a
80
9a
70
9a
81
11a
69 + 12a
70 + 12a
75
11a
65
10a
56
6a

+
+
+
+

432

+
+

420
389
386
280

±

l~04

433
417
420
l~22

week 1~ of diet
B.W.
antibody
(gm)
titer
5

110 + 10a
110
12a
105
12a
100
oa
100 + oa
10 o+ oa
95
95 + 5a
90 + o6a
6a
94

+
+
+

+ ::}

±

446
423
450
427
456
462
L~32

398
386
298

aFirst titer was a preimmunization titer taken before antigen innunization.
"b.riters 'Were determined beginning one week following the last of two immunizations.
cTreatment values with the same small letter are not significantly different (:p< .05),
error.

Hean + standarcl.

CJ

.......

Table 29.
diet
calcillr.l

(gm/kg)

6.3
6.3
5.0
5.0
3.8
3.8
2.5
2.5
1.3
1.3

Serum protein; albumin , and globulin in rats fed decreasing levels of dietaiy calcium with
or without vitamin D
diet
vit D
(units/kg)

100,000
0
100,000
0

H>o,ooo
0
100,000
0
100,000
0

Serum

Se.rum

protein

albumin
(~/100 ml)a

(gm/100 ml)a

7.41 + .68

s.13
7,94
5,97
7.21
6.52
7.59
/
6 .05
6.82
5.99

-

a

-

a

+ .68

± .78

a

± .58
± . 91 a

± . 63a
± .56

a

± . c,.6aa

± .17

± .41a

---- - 5~49 ±-~42a

5,33
5.21
3.99
4 . 95
4 77
0

+ ,38a
+ ,54a
± .~5a
a
+ .70
~ . 61a
+ ,57a
a
+ . 63
+ .ooa

4.88
4.49
4. 99
3.98 ±

.yt

Serum
&lobfllin ,
(.gm/100 ml~

--1.91± ·~wre
a

2. 80 ± .34
b
2.73 ± .3oa
be
1.98 ~ .26a
abe
2.26 ± .29
1.74 ± .24c
2.23

±

.16a

be

abc

2.15 ± .22
1.83 ± .16c
a~
2.00 ± .16

a.:rreatment values with the same small letter are not significantly different (p<: .05).
error.

I'iean + standard

C)
N
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